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ABSTRACT 
In light of human-mediated environmental change, a fundamental goal for biologists is to 
determine which phenotypic characteristics enable some individuals, populations or species to be 
more adept at coping with such change, while rendering others more vulnerable. Studying 
ongoing range expansions provide a unique opportunity to address this question by allowing 
documentation of how novel environments shape phenotypic variation on ecological timescales. 
At range-edges, individuals are exposed to strong selective pressures and population genetic 
challenges (e.g. bottlenecks and/or founder effects), which make genetic adaptation difficult. 
Nevertheless, certain species, such as the house sparrow (Passer domesticus), seem to thrive in 
their introduced ranges, despite genetic challenges, resulting in a genetic paradox. Increasing 
evidence suggests that rapid phenotypic differentiation at range-edges may be facilitated by 
phenotypic plasticity among individuals. Further, a role for epigenetic mechanisms as molecular 
drivers of such plasticity—particularly in genetically depauperate populations—has recently 
garnered empirical support across a broad range of taxa. For my dissertation, I investigated the 
role of epigenetic mechanisms (i.e. DNA methylation) as a potential mediator of range expansion 
success in vertebrates. Specifically, I proposed that success or failure at range-edges may be 
underlain by variation in the capacity for epigenetically-mediated plasticity (i.e. epigenetic 
potential) and used extant literature on an inherently plastic and highly integrated physiological 
system (i.e. the HPA-axis) to support this hypothesis (Chapter I). I then tested these ideas 
empirically by examining the relative contribution of genetic and epigenetic variation to 
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immunological variation in Kenyan house sparrows (Chapter II) and explored whether mediators 
of neural plasticity (i.e. BDNF) and epigenetic potential (i.e. DNA methyltransferases; DNMTs) 
varied among populations of Senegalese house sparrows, including the potential for covariation 
among BDNF, DNMTs and corticosterone (CORT) within individuals (Chapter III). 
Flexibility in the regulation of glucocorticoids (GCs) via the HPA-axis is crucial for 
survival at range-edges because (i) GCs act as integrators capable of coordinating diverse 
physiological and/or behavioral responses and (ii) the HPA-axis contains multiple regulatory 
checkpoints which may help to buffer organisms from maladaptive responses (via redundancy) 
while simultaneously allowing for the fine-tuning of phenotypic responses to future stressors 
contingent on current and past experiences. GC regulatory flexibility can be influenced by (and 
in some cases have an effect on) variation in the capacity for epigenetic mechanisms to regulate 
environmentally-induced phenotypic changes (i.e. epigenetic potential). DNMTs are capacitators 
of epigenetic change, thus provide one such example of how variation in epigenetic potential 
could arise via genetic (e.g. variation in coding regions of DNMT genes) and/or environmental 
(e.g. developmental programming of DNMT expression) factors. For my first chapter, I 
conducted a literature review to explore where within the HPA-axis epigenetic potential was 
most likely to occur and to demonstrate how such variation could promote/constrain range 
expansion success via its impact on GC regulatory flexibility. Results from the literature search 
revealed that within the HPA-axis, evidence for epigenetic regulation was highest for receptors, 
suggesting that variation in epigenetic potential of these targets may be most impactful for 
variation in GC regulatory flexibility. Using a physiological regulatory network (PRN) 
framework, I showed how variation in epigenetic potential can modify plasticity of PRN states 
by altering the regulatory relationships (e.g. connectivity) between HPA elements (e.g. GCs as 
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central hubs) and other physiological/behavioral traits (e.g. subnetworks). As such, I portrayed 
how genetic forms of epigenetic potential can dictate the upper/lower limits of an individual’s 
homeostatic range, while environmental forms can act to further titrate GC regulatory flexibility 
through plasticity of PRN states or stabilization of PRN states. The concept of epigenetic 
potential in the HPA-axis demonstrates how plasticity at the molecular level can influence 
plasticity at the whole-organism level, which is likely to be important when coping with novel 
challenges at range-edges. 
Among the strongest of selective pressures faced by range-edge populations is exposure 
to parasites, particularly those with which individuals have little to no evolutionary history. 
Previous work from our lab on house sparrows in Kenya—site of an ongoing range expansion—
revealed that range-edge birds had higher expression of Toll-like receptor 4 (TLR4—a microbial 
surveillance gene) than birds from the range-core. Moreover, extensive inter-individual variation 
in genome-wide DNA methylation was found among Kenyan house sparrows, including an 
inverse relationship between epigenetic diversity and genetic diversity across populations. For 
my second chapter, I investigated whether these two observations were related, asking whether 
and how DNA methylation and/or genetic variation within the putative promoter of the TLR4 
gene contributed to variation in TLR4 expression. I found that DNA methylation status at CpG1, 
which varied from only ~73-100%, was a strong predictor of TLR4 expression within 
individuals. Interestingly, other studies have shown that similar magnitudes of variation in DNA 
methylation of TLR4 can result in differences in the susceptibility/resistance to bacterial 
pathogens, thus, it’s plausible that the variation we observed could have functional implications 
for host defense. I also discovered four genetically linked polymorphisms within the TLR4 
promoter that grouped into two general genotypes. We revealed a trend that suggests that 
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genotype differences may influence TLR4 expression, confirmation of which may be possible 
with increased representation from individuals with the rare genotype. Given that DNA 
methylation did not vary systematically among populations and evidence for extensive genetic 
admixture at the Kenyan range-edge, it seems likely that individual-level factors (e.g. genotype, 
early-life experience, infection history, etc.) may be more predictive of variation in DNA 
methylation of TLR4 than population-level processes. 
Coping with novel challenges often requires coordinated adjustments to environmentally-
sensitive (i.e. plastic) traits. Findings from my first dissertation chapter, as well as previous 
research from the Martin lab, revealed that CORT regulation, exploratory behavior and 
epigenetic mechanisms likely contribute to range expansion success in house sparrows. Within 
the hippocampus, mediators of neural plasticity such as brain-derived neurotrophic factor 
(BDNF), play a unique role in the bidirectional regulation of CORT and exploratory behavior, 
with important implications for hippocampal-dependent learning and memory. Moreover, 
evidence suggests that the regulatory capacity of CORT and BDNF to influence learning and 
memory relies heavily on the catalytic capacity of epigenetic modification enzymes—including 
DNA methyltransferases (DNMTs). For my third chapter, I explored whether previous 
CORT/behavioral/epigenetic patterns contributed to population-level differences in hippocampal 
BDNF expression and/or hippocampal expression of DNMTs (mediators of epigenetic potential), 
including potential covariation among CORT, BDNF and DNMTs within individuals. I collected 
house sparrows from three populations in Senegal—site of an ongoing range expansion—and 
measured stressor-induced CORT, hippocampal BDNF, DNMT1 and DNMT3a expression. 
Given the potential importance of neural plasticity and epigenetic potential for coping with novel 
challenges, I hypothesized that BDNF and DNMT expression would be highest at the range-edge, 
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while positive covariation would occur between CORT, BDNF and/or DNMT expression within 
individuals. I found that intermediate levels of CORT resulted in the highest BDNF expression 
within individuals, suggesting that interactions between CORT and BDNF are likely important 
for balancing homeostatic and progressive (e.g. cognitive) changes within the hippocampus in 
response to environmental challenges. I also found that CORT positively covaried with DNMT1 
expression in one, but not both, range-edge populations, while the reverse was true at the range-
core. These findings suggest that in newly established population, CORT may promote 
epigenetic potential, allowing for rapid and fine-tuned organism-wide responses to novel 
stressors, while at the range-core, where stressors are presumably less novel, CORT may inhibit 
epigenetic potential as a means of diverting resources away from cognitive processes and 
towards maintaining homeostasis. 
Altogether, my dissertation has demonstrated how inherently plastic sub-organismal level 
traits (i.e. molecular, physiological, and neurological) may interact and contribute to range 
expansion success in an introduced bird. Specifically, my research has not only shown that 
epigenetic variation can influence an ecologically-relevant trait, but also that variation in the 
regulatory potential of epigenetic mechanisms can be mediated by intrinsic and extrinsic factors. 
These studies have expanded our understanding about how epigenetic mechanisms act as 
regulatory mediators of plasticity at the molecular level and can influence (and be influenced by) 
variation at multiple phenotypic levels, with implications for whole-organism performance in 
natural populations. I hope that my work contributes to the field of ecological epigenetics by 
providing the framework for epigenetic potential as an additional tool for assessing how 
epigenetic processes contribute to phenotypic outcomes in the face of rapid environmental 
change. 
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CHAPTER I:  
EPIGENETIC POTENTIAL AS A MECHANISM OF PHENOTYPIC PLASTICITY IN 
VERTEBRATE RANGE EXPANSIONS 
 
Note to Reader: 
 This is a pre-copyedited, author-produced version of an article accepted for publication in 
Integrative and Comparative Biology following peer review. The version of record: Kilvitis HJ, 
Hanson HE, Schrey AW, Martin LB. 2017. Epigenetic potential as a mechanism of phenotypic 
plasticity in vertebrate range expansions. Integrative and Comparative Biology 57(2): 385-395, 
is available online at: https://academic.oup.com/icb/article-abstract/57/2/385/4049471 (doi: 
https://doi.org/10.1093/icb/icx082). Public availability must be delayed until 12 months after 
first online publication in the journal (August 3, 2017).  
 
Authors1 
 Holly J. Kilvitis2, Haley E. Hanson2, Aaron W. Schrey3, and Lynn B. Martin2 
 
 
 
                                                          
1 Author contributions: H.J.K. and L.B.M. developed the ideas, H.J.K. created figures and wrote the manuscript, 
H.J.K. and H.E.H. conducted the literature search, and all authors contributed equally to revisions on early drafts of 
the manuscript. 
2 University of South Florida, Department of Integrative Biology, Tampa, FL 33620 
3 Armstrong Atlantic State University, Department of Biology, Savannah, GA 31419 
 
2 
 
Abstract 
During range expansions, organisms are often exposed to multiple pressures, including 
novel enemies (i.e., predators, competitors and/or parasites) and unfamiliar or limited resources. 
Additionally, small propagule sizes at range edges can result in genetic founder effects and 
bottlenecks, which can affect phenotypic diversity and thus selection. Despite these obstacles, 
individuals in expanding populations often thrive at the periphery of a range, and this success 
may be mediated by phenotypic plasticity. Increasing evidence suggests that epigenetic 
mechanisms may underlie such plasticity because they allow for more rapid phenotypic 
responses to novel environments than are possible via the accumulation of genetic variation. 
Here, we review how molecular epigenetic mechanisms could facilitate plasticity in range- 
expanding organisms, emphasizing the roles of DNA methylation and other epigenetic marks in 
the physiological regulatory networks (PRNs) that drive whole-organism performance. We focus 
on the hypothalamic-pituitary-adrenal (HPA) axis, arguing that epigenetically-mediated 
plasticity in the regulation of glucocorticoids in particular might strongly impact range 
expansions. We hypothesize that novel environments release and/or select for epigenetic 
potential in HPA variation and hence organismal performance and ultimately fitness.  
 
Main Text 
Introduction 
 Environments are changing rapidly, in large part due to human activity, and it is 
becoming increasingly important to determine how organisms will respond (Ghalambor et al. 
2007). One particularly important aspect of anthropogenic environmental change is the alteration 
of the geographical distributions of species. With increased urbanization and massive increases 
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in global commerce, many individuals and populations are experiencing pressure to either 
change their native ranges or survive in novel areas (Parmesan and Yohe 2003). During such 
range expansions, organisms are often exposed to multiple pressures, including novel enemies 
(i.e. predators, competitors and/or parasites) and unfamiliar or limited resources (Wingfield et al. 
2015; Martin et al. 2015). Small propagule sizes at range-edges can also result in genetic founder 
effects and bottlenecks, which can affect phenotypic diversity and thus selection outcomes 
(Perez et al. 2006). Despite these obstacles, individuals in expanding populations often thrive at 
the periphery of a range, exhibiting extensive phenotypic differentiation from individuals near 
the range-core, a phenomenon called a genetic paradox (Perez et al. 2006). Given the low genetic 
diversity of most range-edge populations, high phenotypic variation at the range-edge is likely 
partially underlain by phenotypic plasticity (Richards et al. 2006; Ghalambor et al. 2007; Martin 
and Liebl 2014). Phenotypic plasticity, including both irreversible (i.e. developmental 
plasticity—West-Eberhard 2005) and reversible (i.e. phenotypic flexibility—Piersma and Drent 
2003) forms, is likely to be common at range-edges because it allows for more rapid responses to 
novel environmental challenges than would be possible via genetic adaptation (Pigliucci 2001; 
Wright et al. 2010; Forsman 2014). Moreover, several studies from the plant literature suggest 
that epigenetic mechanisms may underlie plastic responses to novel environments (Bossdorf et 
al. 2008; Angers et al. 2010; Bossdorf et al. 2010; Nicotra et al. 2010; Richards et al. 2012; 
Zhang et al. 2013a), however, similar studies in vertebrates remain scarce. 
Here, we review how molecular epigenetic mechanisms could be driving plasticity in 
range expansions, emphasizing the roles of DNA methylation and other epigenetic marks in the 
physiological regulatory networks (PRNs) that drive whole-organism performance (Cohen et al. 
2012; Martin and Cohen 2014; Martin et al. 2015b). As an example, we focus on the 
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hypothalamic-pituitary-adrenal (HPA) axis, arguing that epigenetically-mediated plasticity in the 
regulation of glucocorticoids (GCs) might strongly impact the outcomes of range expansions. 
We hypothesize that novel environments release and/or select epigenetic potential; 
genotypes/species with a greater disposition to regulate performance adaptively via 
epigenetically mediated changes in GC regulation are apt to be those comprising most new 
populations. Below, we first provide evidence that GCs are involved in current and ongoing 
changes in the distributions of species. We then introduce then discuss the novel concept of 
epigenetic potential, and review evidence for how GCs might be regulated by (and even regulate) 
epigenetic potential. We close by offering a few promising options for future research. 
GC regulation and range expansions 
 Maintenance of homeostasis is crucial for survival (Wingfield 2013; Romero et al. 2009), 
particularly at range-edges where individuals encounter novel challenges with which they have 
little to no evolutionary history (Liebl and Martin 2012). In vertebrates, endurance of and 
recovery from stressors (including novel ones) involve the coordinated regulation of 
glucocorticoids (GCs) by the hypothalamic-pituitary-adrenal (HPA) axis (Wingfield 2013; 
Romero et al. 2009). Encounters with stressors typically result in a rapid increase in circulating 
GCs, which promote short-term survival via coordination of a broad range of physiological and 
behavioral responses (Addis et al. 2011). Stressor-induced GCs, in particular, play a pivotal role 
in integrating sub-organismal processes to match individual physiology and behavior to threats 
and opportunities in the environment (Martin et al. 2011; Lema and Kitano 2013; Martin et al. 
2016a; Taff and Vitousek 2016).   
Several studies also support GCs as physiological mediators of vertebrate range 
expansions, particularly birds. For example, in a study comparing GC responses among 
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subspecies of white crowned sparrow (Zonotrichia leucophrys), populations at the range-edge 
(and a higher altitude) had significantly higher baseline and stress-induced levels of the avian 
GC, corticosterone (CORT), than populations near the range-core (i.e. lower altitude) (Addis et 
al. 2011). Moreover, several studies investigating the ongoing and recent range expansion of the 
introduced house sparrow (Passer domesticus) across Kenya (Liebl and Martin 2012; Martin et 
al. 2013) and Senegal (Martin et al. 2017) found that individuals at the range-edge secreted more 
CORT in response to an acute stressor (Liebl and Martin 2012; Martin et al. 2013). In Kenya, 
range-edge birds also expressed different levels of GC receptors (i.e. mineralocorticoid 
receptor—MR and glucocorticoid receptor—GR) (Liebl and Martin 2013) in hippocampi 
compared to individuals residing near the site of introduction. 
Whereas these studies are among the first to implicate GC regulation as important to 
range expansion success, the extent to which these patterns are underlain exclusively by 
plasticity remains unclear (Nussey et al. 2007; Martin and Liebl 2014). Selection for particular 
genotypes is also tenable, particularly because aspects of the HPA are heritable in vertebrates 
(Wust et al. 2004), which may help explain consistent differences among individuals in GC 
regulation. However, regulatory plasticity within the HPA-axis (or the capacity to alter GC 
regulation across time or context) is likely to be of particular importance at range-edges (Martin 
and Liebl 2014), especially for populations currently undergoing range expansion. The HPA axis 
is inherently plastic, as a critical mediator of organismal homeostasis. Further, plasticity can 
manifest much more rapidly than genetic variation, especially in the case of the oftentimes-small 
population sizes that occur at range-edges (Ghalambor et al. 2007). For example, evolutionarily 
unfamiliar stressors (e.g., novel foods, predators, or pathogens) may elicit a sub-optimal GC 
response (under- or over-exuberance) at range-edges, yet high HPA plasticity may allow 
6 
 
individuals to fine-tune their responses to the environment contingent on risk and experience. 
Moreover, because GCs affect learning and memory (Sweatt 2009), plasticity in HPA regulation 
may underlie plasticity in behaviors important for fitness in novel environments (e.g. vigilance, 
exploration, aggression). 
Epigenetically-mediated variation within the HPA-axis 
 The regulation of GCs by the HPA axis is complex, involving multiple pathways, cells, 
and tissues at which variation can occur (Lema and Kitano 2013). Variation in any one element 
can affect the capacity of individuals to coordinate crucial physiological and/or behavioral 
responses (Lema and Kitano 2013; Martin and Liebl 2014). There is increasing evidence that GC 
regulatory plasticity is partially mediated by environmentally-induced epigenetic variation. DNA 
methylation, histone modification and other processes can affect nearly every component of the 
HPA axis (Figure 1.1; Supplementary Table A1). The hypothalamus plays an especially crucial 
role in HPA activity; it transduces sensory information (e.g. the perception of a stressor arising 
from the amygdala or prefrontal cortex) into a physiological response (e.g. initiation of a stress 
response) (Smith and Vale 2006). Activation of the HPA axis involves the release of 
corticotropin-releasing factor (CRF) and arginine vasopressin (AVP) from the hypothalamus, 
both of which are required for the stimulation/secretion of adrenocorticotrophic hormone 
(ACTH) from the anterior pituitary and subsequent synthesis and release of GCs from the 
adrenal cortex (Smith and Vale 2006). As emphasized in Fig. 1.1, epigenetic variation resulting 
in differences in either CRF or AVP expression could have substantial consequences for the 
regulation of downstream physiological and/or behavioral responses to stressors. In rodents, 
several studies have found that exposure of mothers to stressors during gestation or postnatal 
periods resulted in hypomethylation of hypothalamic CRF (Mueller and Bale 2008; Chen et al. 
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2012) and AVP promoters (Murgatroyd et al. 2009); both changes were associated with HPA 
hyperactivity and altered behavior when pups reached adulthood. There is also evidence for 
epigenetic regulation of enzymes involved in steroidogenesis (Martinez-Arguelles and 
Papadopoulos 2010). However, direct evidence for environmentally-induced modulation of such 
regulation, as was the case for maternal adversity and CRF/AVP expression, is lacking.  
Upon release of GCs from the adrenals, the pervasive physiological and behavioral 
actions of GCs are largely dependent upon sensitivity of target tissues (Sapolsky et al. 2000; 
Martin et al. 2016a), namely glucocorticoid (GR) and mineralocorticoid (MR) receptor 
expression. Most available evidence for epigenetic modulation of HPA plasticity pertains to 
epigenetic modifications to GR (Weaver et al. 2004; Zhang et al. 2013b). Such effects are not 
altogether surprising considering the pivotal role of GR in coordinating physiological/behavioral 
responses to stressors and the resolution of stress responses (Sapolsky et al. 2000). For example, 
in rats, maternal dietary protein restriction resulted in hypomethylation of the hepatic GR 
promoter and a metabolic phenotype characterized by increased capacity for gluconeogenesis in 
offspring once they reached adulthood (Lillycrop et al. 2007). Within the hippocampus, the 
major site of GC negative feedback (i.e., the process by which release of GCs is ultimately 
reduced), numerous studies have found evidence for epigenetic regulation of GR. Among the 
most well-known examples, Liu et al. (1997) and Weaver et al. (2004) linked the impacts of 
maternal care and offspring behavior to epigenetic programming of the HPA axis of offspring. In 
rats, high maternal care (e.g. licking and grooming) within the first week of life was associated 
with long-term hypomethylation within the hippocampal GR promoter, reduced plasma ACTH 
and CORT release in response to a restraint stressor, enhanced negative feedback sensitivity, 
decreased hypothalamic expression of CRF, and reduced anxiety-like behavior (Liu et al. 1997; 
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Weaver et al. 2004). Taken together, these studies reveal that not only can the environment cause 
stable alterations in GC regulation via developmentally-induced epigenetic modifications, but 
they also indicate that such changes can influence the capacity for HPA flexibility and thus the 
extent to which GCs might affect phenotypes later in life.  
Defining epigenetic potential 
 We define epigenetic potential as the capacity for environmentally-induced phenotypic 
change (i.e. plasticity) via epigenetic modifications to relevant genomic elements. The concept of 
epigenetic potential is relevant to many physiological pathways, but here we focus on epigenetic 
potential in the HPA axis because of its potentially important role in persistence at range-edges. 
An important aspect epigenetic potential is that it conveys well that promoter methylation and 
other particular forms of epigenetic variation set the boundaries within which HPA 
plasticity/flexibility can fluctuate. Epigenetic potential thus captures that fact that some 
epigenetic factors can capacitate latent physiological flexibility much as heat-shock proteins 
capacitate the actions of many genes (Rutherford et al. 2007). We argue below in detail that such 
latent plasticity (i.e., plasticity only manifested under specific environmental conditions) 
probably plays a powerful role in the fine-tuning of organismal-wide phenotypic responses to 
various environments, including those experienced by organisms moving into previously 
unoccupied areas. Variation in epigenetic potential can be underlain by genetic and/or 
environmental variation. Similar to the types of epigenetic variation described by Richards 
(2006), we argue that variation in epigenetic potential can range along a gradient from complete 
dependence on genetic variation (e.g. obligatory, Type 1), semi-dependence on genetic variation 
(e.g. facilitated, Type 2), or independent of genetic variation (e.g. pure, Type 3). Below, we 
provide examples from the literature to demonstrate several ways in which variation in 
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epigenetic potential may arise and discuss their relevance for facilitating success in novel 
environments.  
Genetically, epigenetic potential could be encoded (among other places) via sequence 
variation in (i) the exons of genes encoding enzymes that establish and maintain epigenetic 
marks, or (ii) regulatory regions (e.g., promoters, enhancers) of the genome. First, organisms 
require the coordinated efforts of several enzymes to establish, maintain and/or remove 
epigenetic marks from the genome as cells differentiate and organisms develop. Among the most 
commonly studied of these enzymes are the DNA methyltransferases (DNMTs), which catalyze 
the transfer of a methyl group to specific sites on DNA (Morris and Monteggia 2014). In 
vertebrates, the three main DNMTs are DNMT1, which primarily acts as a housekeeper to 
maintain methylation patterns through mitosis (but see Fatemi et al. 2002 for evidence of de novo 
methyltransferase capacity), and DNMT3a and DNMT3b, which are considered de novo DNA 
methyltransferases, capable of establishing methylation marks on previously unmethylated 
regions (Morris and Monteggia 2014). Given the importance of DNMTs as the molecular editors 
of the genomic blueprint, genetic variation within the genes encoding these enzymes can lead to 
functional variation in their catalytic activity (Potter et al. 2013; Bjornsson 2015). In humans, for 
instance, genetic variation in DNMT3b was not only associated with altered DNA methylation 
patterns across 700 genes, but also with changes in function of several epigenetic enzymes 
involved in histone modification (Jin et al. 2008).  
A second form of genetic variation in epigenetic potential includes variation within 
regulatory regions of the genome. In vertebrates, DNA methylation typically occurs at cytosines 
in the context of CpG dinucleotides (Schrey et al. 2013; Kilvitis et al. 2014). Such variation is 
quite common; within the human genome, there are >200,000 CpG single nucleotide 
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polymorphisms (i.e. CpG-SNPs) (Shoemaker et al. 2010). Within regulatory regions (e.g., gene 
promoters, enhancers), the presence or absence of CpG sites would alter the substrate upon 
which epigenetic variation could occur. For example, CpG-SNPs within regulatory regions, 
particularly at transcription factor binding sites, can disrupt the binding capacity of transcription 
machinery (Zhi et al. 2013; Lemire et al. 2015) and thus alter gene expression. In a study by Zhi 
et al. (2013), >80% of CpG-SNPs surveyed from human T-cells were methylation quantitative 
trait loci (meQTL), and these SNPs accounted for nearly two-thirds of the strongest meQTL 
signals within T-cells. There is increasing evidence to suggest that not only do CpG-SNPs affect 
the potential for methylation at that particular CpG site, they also can influence methylation 
distal (trans) to CpG sites (Zhi et al. 2013; Lemire et al. 2015). Many naturally-occurring 
DNMTs and CpG-SNPs (and more complex genetic forms of epigenetic potential) could await 
discovery.  
In addition to the above forms of epigenetic potential, akin to Type 1 epigenetic variation 
sensu Richards (2006), epigenetic potential is likely responsive to the environment. Most such 
forms of epigenetic potential will arise in early life, when cells have differentiated little and thus 
the phenotype has the greatest potential to be canalized into various forms (West-Eberhard 2003; 
Martin et al. 2011). Such critical periods of development are widespread (West-Eberhard 2003), 
and increasing evidence suggests that early-life experiences might enduringly alter epigenetic 
potential (Richards 2006). For example, prenatal or postnatal exposure to certain environmental 
toxicants has enduring, stable effects on the expression of several epigenetic regulatory proteins 
(Kundakovic et al. 2013; Schneider and Anderson 2013). In rats, dietary exposure to lead (Pb) 
during the prenatal and postnatal periods was associated with altered hippocampal protein 
expression of DNMT1, DNMT3a and methyl-cytosine binding protein 2 (MeCP2) (Schneider 
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and Anderson 2013), a protein that specifically binds to methylated DNA and recruits histone 
deacetylases (HDACs) to repress gene transcription (Jones et al. 1998). Moreover, prenatal rats 
exposed to environmentally-relevant doses of bisphenol A (BPA) had differential mRNA 
expression of DNMT1 and DNMT3a in the prefrontal cortex, hypothalamus and hippocampus 
(Kundakovic et al. 2013). Interestingly, both of these studies found sex-specific and dose-
dependent differences in the directionality of responses (i.e., up- or down-regulation), suggesting 
that the developmental programming of epigenetic potential can be fine-tuned contingent on sex 
as well as individual experience. In this way, variation in maternal exposure to toxicants can lead 
to the stable inhibition (e.g. via reduced expression of DNMTs) or enhancement (e.g. via 
increased expression of DNMTs) of epigenetic potential in her adult offspring.   
Maternal-offspring interactions can also have lasting effects on epigenetic potential. For 
example, low maternal licking and grooming within the first week of life in rats was linked to 
increased hippocampal expression of DNMT1 in offspring in adulthood (Zhang et al. 2010). 
Maternal separation during the perinatal period in rats was also associated with promoter 
hypermethylation and reduced expression of MeCP2 in the germ cells of male F1 offspring 
(Franklin et al. 2010). Furthermore, when investigating the transmissibility of these epigenetic 
marks across generations, the authors found that MeCP2 methylation and expression were 
maintained in the germ cells of F2 males and the brain (cortex) of female F2 progeny (Franklin 
et al. 2010). While transgenerational epigenetic inheritance cannot be inferred without screening 
the epigenetic profiles of the male F3 generation (Skinner 2008; Skinner et al. 2010), studies 
such as this one, demonstrating multigenerational inheritance of epigenetic marks, suggest the 
exciting possibility of enduring, yet non-genetic, inheritance of epigenetic potential (Weaver et 
al. 2004). 
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Beyond occurrences in development, variation in epigenetic potential can also be 
influenced in adulthood by environmental factors. One of the best-studied examples entails 
modulation of the epigenome through diet. S-Adenosylmethionine (SAM) is the universal 
methyl-donor for histone and DNA methyltransferases, and its synthesis in the methionine cycle 
is facilitated by several dietary precursors (e.g., folate, methionine, choline, betaine, vitamins B2, 
B6 and B12) (Zhang 2015). For example, vitamins B2, B6 and B12 are key cofactors required for 
the synthesis of methionine, a direct precursor of SAM (Zhang 2015). Thus, dietary deficiencies 
of methyl-donors directly influence the net synthesis of SAM, which has been associated with 
global DNA hypomethylation in rodents (Zhang 2015). In addition to regulating intracellular 
SAM, several dietary compounds can directly affect DNMT activity. For example, tea 
polyphenols (e.g., catechin) and genestein (found in soybeans) inhibit human DNMT1 activity 
(Zhang 2015; Fang et al. 2007). Moreover in humans, folic acid deficiency resulted in a ~50% 
decrease in DNMT1 expression and a concomitant 80% increase in DNMT3a expression in 
certain colorectal cancer cell lines (Farias et al. 2015). These studies strongly suggest that 
variation in the consumption of certain diet items could have profound effects on epigenetic 
potential, either via the modulation of methyl-donor bioavailability or the regulation of DNMT 
activity. Of course, diet is among the most likely factors to vary as organisms colonize new areas 
(Liebl and Martin 2014), implicating diet as a major factor whereby epigenetic potential 
mediates the outcomes of range expansions. Moreover, diet might represent a key environmental 
factor that could instigate a purely environmental, yet heritable, form of epigenetic potential 
mentioned earlier (Type 3, Richards 2006). 
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GCs, PRNs and epigenetic potential in range expansions 
 As discussed above, GCs play an important role in mediating organismal performance 
due to their ability to coordinate diverse physiological and/or behavioral processes (Martin et al. 
2011; Cohen et al. 2012; Martin and Cohen 2014; Martin et al. 2015b). Because of their capacity 
to influence multiple levels and aspects of organismal phenotype, GCs (along with other 
molecules) have been referred to as integrators (Martin et al. 2011; Cohen et al. 2012; Martin and 
Cohen 2014). Within the context physiological regulatory networks (PRNs), a framework 
recently proposed to represent whole-organism regulatory networks that link genetic and 
phenotypic variation (Martin et al. 2011; Cohen et al. 2012), GCs and their respective regulatory 
components (Fig. 1.1) resemble ‘hubs’, or ‘central nodes’, with higher than average connectivity 
with other nodes in PRNs including hubs of other subnetworks, such as those involved in 
immune function or energy metabolism (Cohen et al. 2012; Martin and Cohen 2014). This 
portrayal of the HPA is similar to the portrayal of master regulatory genes within gene regulatory 
networks, and ‘date hubs’ for key proteins within protein-protein interaction networks (Wagner 
et al. 2007). PRN connectivity, then, represents the regulatory relationships among the HPA and 
other physiological nodes (Cohen et al. 2012; Martin and Cohen 2014); what sets apart date 
hubs, master regulatory genes, and physiological integrators is that links between these particular 
molecules and other nodes are exceptionally high. Whereas there are important differences 
between the roles of date hubs and integrators (e.g., the functions of one are predominantly intra-
cellular whereas the other is organismal), such differences are beyond the scope of the focus of 
the paper, epigenetic potential. Nevertheless, we believe that consideration of HPA elements as 
integrators within PRNs can help us understand how individual variation at the genetic/molecular 
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level (including epigenetic potential) mediates variation at the whole-organism level, which we 
elucidate below.  
PRNs and integrators therein have important properties that can affect epigenetic 
potential. First, PRNs have structure such that the configuration of PRN components and/or the 
strength/organization of these regulatory relationships vary among species, populations, and 
genotypes (Cohen et al. 2012). In other words, connectivity and other PRN traits vary contingent 
on evolutionary relatedness; closely related species should have similar PRNs and related 
genotypes should differ minimally in terms of various states that PRNs can take. Indeed for all 
genotypes, PRN structures are comprised of many states that are plastic in the sense of context-
specific changes in network architecture (Cohen et al. 2012; Martin and Cohen 2014). As 
depicted in Figure 1.2, we expect that epigenetic potential reveals and masks various PRN states, 
with concomitant changes in PRN connectivity and other networks traits underlying phenotypic 
adjustments in response to environmental factors. For range expansions in particular, shifts in 
PRN state (i.e. PRN plasticity; Martin et al. 2015b) should be more important than changes in 
PRN structure, as such shifts would allow genotypes to adjust more quickly to novel conditions 
than genetic mutations. Although this hypothesis has not yet been tested empirically, epigenetic 
mechanisms can alter GC regulation (and hence PRN state) in many ways (Fig. 1.1).  
Consider a hypothetical example in which a newly established range-edge population is 
comprised of genotypes that vary in epigenetic potential (Fig. 1.2). At birth, variation in 
epigenetic potential among genotypes could unmask PRN states, altering the capacity for HPA 
regulatory flexibility throughout life. In other words, genetic variation in epigenetic potential 
could dictate the upper and/or lower limits of an individual’s homeostatic range/reactive scope 
(Romero et al. 2009); epigenetic potential probably titrates HPA plasticity based on 
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developmental experience. For example, in genotypes with low epigenetic potential (G3; Fig. 
1.2), connectivity among HPA nodes and other PRN nodes would be limited, constraining HPA 
flexibility in response to an early life stressor. In contrast, for genotypes with modest (G2; Fig. 
1.2) or high epigenetic potential (G1; Fig. 1.2), epigenetically-mediated alterations to PRN state 
could allow PRNs to recruit and/or eliminate linkages with other subnetworks and nodes. In 
individuals with modest epigenetic potential (G2), exposure to an early life stressor might alter 
PRN state (i.e., connectivity; Fig. 1.2) modestly, and ultimately canalize edges among PRN 
nodes. For some genotypes (G1), however, exposure to the same early life stressor would only 
transiently alter PRN states, allowing for reversibility in PRN states, and thus greater HPA 
flexibility throughout life. In adulthood, for genotypes with low epigenetic potential, HPA 
plasticity would remain modest, here depicted as the inability to alter the PRN adequately in 
response to novel stressors (e.g. homeostatic failure—Romero et al. 2009). For genotypes with 
modest epigenetic potential, individuals might be unable to down-regulate GCs rapidly, because 
of a lack of reversibility, resulting in chronic stress (e.g. homeostatic overload—Romero et al. 
2009). 
In regards to high epigenetic potential, it is premature and likely untrue, in some cases, 
that such genotypes will always be at an advantage. First, high epigenetic potential, and thus 
greater HPA plasticity might be adaptive at range-edges at some stages of expansion. However, 
there is increasing evidence that the costs of plasticity could lead to dominance by genotypes 
with more modest epigenetic potential over time (Ghalambor et al. 2007; Huang et al. 2015). 
One hypothesis proposed by Huang et al. (2015) suggests that the presence or absence of 
stressors at the range-edge can influence the costs/benefits of plasticity, and thus the extent to 
which such plasticity is adaptive or maladaptive. For instance, exposure to novel stressors, such 
16 
 
as novel enemies, may increase the costs and reduce the benefits of plasticity (via reallocation of 
resources towards defense), resulting in plasticity that is maladaptive (Huang et al. 2015). 
Alternatively, relief from stress (e.g. via natural enemy release) may reduce the costs and 
increase the benefits of plasticity, in which case plasticity would be adaptive (Huang et al. 2015). 
While there are no data as of yet on the costs and benefits of epigenetic potential in range 
expansions, we acknowledge the value of such research and particularly its evolutionary insight.   
A second reason to be cautious about what forms of epigenetic potential will endure at 
range-edges involves the purely environmental forms of epigenetic potential (Type 3 variation 
sensu Richards 2006) mentioned above. Diet, novel pathogen exposure, or other experiences 
unique to range-edges might commonly lead to forms of plasticity that become increasingly 
maladaptive as populations become established (Richards 2006; Ledon-Rettig et al. 2013). What 
food parents consume or what infections they experience are apt to change over time; if such 
epigenetic marks are enduringly passed across generations, offspring would suffer as they would 
manifest phenotypes inappropriate for current conditions. Similar outcomes could occur too for 
Type 2 forms of epigenetic potential (i.e., G x E), particularly because there are typically more 
ways to produce non-functional phenotypes than there are to produce functional ones. 
Future directions 
 Above we argued that epigenetic potential and its mediation of phenotypic plasticity via 
alterations to PRN states affect vertebrate range expansion success. Whereas some aspects of the 
concept of epigenetic potential have been alluded to previously (a Web of Science search for 
“epigenetic potential” on March 8, 2017 returned 17 hits), to our knowledge, this paper is among 
the first to define the term explicitly in regards to its genetic underpinnings, its physiological 
functions, and its prospective ecological and evolutionary consequences. Given the infancy of 
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epigenetic potential as a concept, we use the remainder of our paper to highlight some promising 
avenues for future research.  
In Fig. 1.1, our primary goal was to reveal where in the HPA axis the most epigenetic 
variation is known to occur (Fig. 1.1). This figure thus depicts but a small part of the epigenetic 
potential we discussed earlier. However, it is does draw attention to the parts of the HPA that so 
far seem to harbor some epigenetic potential. A Web of Science search (conducted in December 
2016, see Supplementary Table A1 for search terms) revealed substantial epigenetic modulation 
throughout the HPA. Particular HPA aspects, though, were disproportionally more likely than 
others to be altered by epigenetic mechanisms (Fig. 1.1; Supplementary Table A1). To try to 
account for possible biases in research effort that might affect the number of epigenetic marks 
described for each HPA aspect, we quantified the number of studies reporting epigenetic effects 
within a particular HPA component and adjusted that count by the total number of published 
primary research studies on that particular HPA component. In Fig. 1.1 and Supplementary Table 
A1, we report this ratio. Although most available data came from laboratory rodents, which are 
not the most evolutionarily-relevant organisms, four of the top five HPA components most likely 
to be epigenetically regulated were receptors. The only non-receptor component was the gene 
encoding steroidogenic acute regulatory protein (StAR or STARD1). StAR is the rate-limiting 
step in the synthesis of most major steroid hormones, including GCs (Christenson and Strauss 
2001). Among the top four receptors, rankings (highest to lowest) were as follows: CRH receptor 
2 (CRHR2), CRH receptor 1 (CRHR1), ACTH receptor (ACTHR or MCR2), and glucocorticoid 
receptor (GR).  
These results suggest that epigenetic potential for HPA regulatory plasticity might be 
most extensive for receptors. In a sense, this outcome is unsurprising given that receptors are 
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particularly important for the initiation of the stress response, distal actions at target tissues, and 
negative feedback. We also note that the evidence for epigenetic regulation was highest among 
all factors we considered for glucocorticoid response elements (GREs). We chose to exclude 
GREs from the rankings in the table, however, because they occur across the genome, are harder 
to enumerate, and thus hard to compare to our other estimates. Overall, given the rarity of studies 
for some HPA components, we are reluctant to conclude that our crude estimates capture 
epigenetic potential in the HPA. Nonetheless, we hope it motivates other, more direct, efforts to 
measure epigenetic potential. Loci with high epigenetic potential could be particularly important 
targets for environmental modulation of organismal-wide plasticity and selection.  
A second critical research venture involving epigenetic potential and the HPA would 
evaluate directly the value of the PRN construct. For instance, using transcriptomic approaches, 
one could determine: (i) how HPA manipulations influence variation or plasticity in relevant 
phenotypic traits; (ii) the extent to which observed phenotypic integration/de-integration is 
associated with changes in PRN traits; and (iii) whether PRN plasticity via manipulation of GC 
synthesis or negative feedback is associated with epigenetic variation. An alternative approach 
would be to administer drugs, such as 5-aza-2’-deoxycytidine or trichostatin A (e.g., Weaver et 
al. 2004; 2006), or to manipulate dietary intake of methyl-donors (e.g., Waterland and Jirtle 
2004), both of which alter epigenetic marks. Again, the use of transcriptomic tools could reveal 
whether such manipulations influences GC regulatory plasticity and if so, how this plasticity is 
associated with PRN states (Martin et al. 2011; Cohen et al. 2012; Martin and Cohen 2014).  
Lastly, it will be useful to identify additional factors that contribute to variation in 
epigenetic potential. Whereas we focused primarily on how epigenetic potential acts as a source 
of HPA regulatory plasticity, there is some evidence that GCs can influence epigenetic potential. 
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For example, dexamethasone (DEX) treatment reduced (human) natural killer (NK) cell cytokine 
expression in a dose-dependent manner, and was associated with increased cytokine promoter-
specific histone deacetylation. Further, these DEX effects were reversible upon treatment with 
the histone deacetylase inhibitor, trichostatin A (Krukowski et al. 2011). In another study on rats, 
prenatal exposure to lipopolysaccharide (LPS), an immunogenic component of Gram-negative 
bacterial cell walls, had enduring effects on DNMT1 and DNMT3b expression within the adrenal 
cortex (Wang et al. 2017).  
Conclusions 
 Given increases in the occurrence of natural and especially anthropogenically-mediated 
species’ range shifts, it is becoming increasingly important to understand the mechanisms that 
facilitate whole-organism performance and thus range expansions. Here, we highlighted 
molecular epigenetic potential in the HPA as a plausibly important form of genotype x 
environment (GxE) (and potentially individual x environment (IxE) (Nussey et al. 2007)) 
interaction. Epigenetic potential—particularly when physiological integrators are involved—
allows not only for rapid phenotypic adjustments in response to salient environmental cues, but 
also may act as an additional source of variation for overcoming genetic paradoxes. We therefore 
believe that epigenetic potential in HPA plasticity warrants extensive investigation in various 
native and non-native range expansions as well as other contexts in which populations are being 
forced to adjust to rapid environmental change. 
 
Acknowledgments 
 The authors thank Simon Lailvaux and Jerry Husak for the invitation to participate in the 
symposium, which was supported by NSF grant # IOS-1637160 and Company of Biologists 
20 
 
grant EA1233 (both to S Lailvaux and J Husak), and by SICB divisions DAB, DCB, DEC, 
DEDE, DEE, DNB and DVM. HJ Kilvitis recognizes NSF GRFP 1144244 and the USF Tharp 
Summer Endowment Scholarship. LB Martin recognizes NSF-IOS grants 0920475 and 1257773 
for support. 
 
References 
Addis EA, Davis JE, Miner BE, Wingfield JC. 2011. Variation in circulating corticosterone 
levels is associated with altitudinal range expansion in a passerine bird. Oecologia 
167(2): 369-378. 
Angers B, Castonguay E, Massicotte R. 2010. Environmentally induced phenotypes and DNA 
methylation: how to deal with unpredictable conditions until the next generation and 
after. Molecular Ecology 19(7): 1283–95. 
Bjornsson HT. 2015. The Mendelian disorders of the epigenetic machinery. Genome Research 
25(10): 1473-1481. 
Bossdorf O, Richards CL, Pigliucci M. 2008. Epigenetics for ecologists. Ecology Letters 11: 
106–15. 
Bossdorf O, Arcuri D, Richards CL, Pigliucci M. 2010. Experimental alteration of DNA 
methylation affects the phenotypic plasticity of ecologically relevant traits in Arabidopsis 
thaliana. Evolutionary Ecology 24: 541–53. 
Chen J, Evans AN, Liu Y, Honda M, Saavedra JM, Aguilera G. 2012. Maternal deprivation in 
rats is associated with corticotrophin‐releasing hormone (CRH) promoter 
hypomethylation and enhances CRH transcriptional responses to stress in adulthood. 
Journal of Neuroendocrinology 24(7): 1055-1064. 
21 
 
Christenson LK, Strauss JF. 2001. Steroidogenic acute regulatory protein: an update on its 
regulation and mechanism of action. Archives of Medical Research 32(6): 576-586. 
Cohen AA, Martin LB, Wingfield JC, McWilliams SR, Dunne JA. 2012. Physiological 
regulatory networks: ecological roles and evolutionary constraints. Trends in Ecology 
and Evolution 27(8): 428-435. 
Fang M, Chen D, Yang CS. 2007. Dietary polyphenols may affect DNA methylation. Journal of 
Nutrition 137(1): 223S-228S. 
Farias N, Ho N, Butler S, Delaney L, Morrison J, Shahrzad S, Coomber BL. 2015. The effects of 
folic acid on global DNA methylation and colonosphere formation in colon cancer cell 
lines. Journal of Nutritional Biochemistry 26(8): 818-826. 
Fatemi M, Hermann A, Gowher H, Jeltsch A. 2002. Dnmt3a and Dnmt1 functionally cooperate 
during de novo methylation of DNA. European Journal of Biochemistry 269(20): 4981-
4984. 
Forsman A. 2014. Rethinking phenotypic plasticity and its consequences for individuals, 
populations and species. Heredity 1-9. 
Franklin TB, Russig H, Weiss IC, Gräff J, Linder N, Michalon A, Vizi S, Mansuy IM. 2010. 
Epigenetic transmission of the impact of early stress across generations. Biological 
Psychiatry 68(5): 408-415. 
Ghalambor CK, McKay JK, Carroll SP, Reznick DN. 2007. Adaptive versus nonadaptive 
phenotypic plasticity and the potential for contemporary adaptation in new environments. 
Functional Ecology 21(3): 394-407. 
22 
 
Huang QQ, Pan XY, Fan ZW, Peng SL. 2015. Stress relief may promote the evolution of greater 
phenotypic plasticity in exotic invasive species: a hypothesis. Ecology and Evolution 
5(6):1169-77. 
Jablonka E, Lamb MJ. 2008. Soft inheritance: challenging the modern synthesis. Genetics and 
Molecular Biology 31(2): 389-395. 
Jablonka E, Raz G. 2009. Transgenerational epigenetic inheritance: prevalence, mechanisms, and 
implications for the study of heredity and evolution. Quarterly Reviews in Biology 84: 
131–76. 
Jin B, Tao Q, Peng J, Soo HM, Wu W, Ying J, Fields CR, Delmas AL, Liu X, Qiu J, Robertson 
KD. 2008. DNA methyltransferase 3B (DNMT3B) mutations in ICF syndrome lead to 
altered epigenetic modifications and aberrant expression of genes regulating 
development, neurogenesis and immune function. Human Molecular Genetics 17(5): 
690-709. 
Jones PL, Veenstra GCJ, Wade PA, Vermaak D, Kass SU, Landsberger N, Strouboulis J, Wolffe 
AP. 1998. Methylated DNA and MeCP2 recruit histone deacetylase to repress 
transcription. Nature Genetics 19(2): 187-191. 
Kilvitis HJ, Alvarez M, Foust CM, Schrey AW, Robertson M, Richards CL. 2014. Ecological 
epigenetics. In Ecological Genomics. CR Landry and N Aubin-Horth, eds. Springer 
Netherlands. pp. 191-210. 
Krukowski K, Eddy J, Kosik KL, Konley T, Janusek LW, Mathews HL. 2011. Glucocorticoid 
dysregulation of natural killer cell function through epigenetic modification. Brain 
Behavior and Immunity 25(2): 239-249. 
23 
 
Kundakovic M, Gudsnuk K, Franks B, Madrid J, Miller RL, Perera FP, Champagne FA. 2013. 
Sex-specific epigenetic disruption and behavioral changes following low-dose in utero 
bisphenol A exposure. Proceedings of the National Academy of Sciences USA 110(24): 
9956-9961. 
Lema SC, Kitano J. 2013. Hormones and phenotypic plasticity: implications for the evolution of 
integrated adaptive phenotypes. Current Zoology 59(4): 506-525. 
Lemire M, Zaidi SH, Ban M, Ge B, Aïssi D, Germain M, Kassam I, Wang M, Zanke BW, 
Gagnon F, Morange PE. 2015. Long-range epigenetic regulation is conferred by genetic 
variation located at thousands of independent loci. Nature Communications 6.  
Liebl AL, Martin LB. 2012. Exploratory behaviour and stressor hyperresponsiveness facilitate 
range expansion of an introduced songbird. Proceedings of the Royal Society London B: 
Biological Sciences 279(1746): 4375-4381. 
Liebl AL, Martin LB. 2013. Stress hormone receptors change as range expansion progresses in 
house sparrows. Biology Letters 9(3): 20130181. 
Liebl AL, Martin LB. 2014. Living on the edge: range edge birds consume novel foods sooner 
than established ones. Behavioral Ecology 25(5): 1089-1096. 
Lillycrop KA, Slater-Jefferies JL, Hanson MA, Godfrey KM, Jackson AA, Burdge GC. 2007. 
Induction of altered epigenetic regulation of the hepatic glucocorticoid receptor in the 
offspring of rats fed a protein-restricted diet during pregnancy suggests that reduced 
DNA methyltransferase-1 expression is involved in impaired DNA methylation and 
changes in histone modifications. British Journal of Nutrition 97(06): 1064-1073. 
24 
 
Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A, Sharma S, Pearson D, Plotsky 
PM, Meaney MJ. 1997. Maternal care, hippocampal glucocorticoid receptors, and 
hypothalamic-pituitary-adrenal responses to stress. Science 277(5332): 1659-1662. 
Martin LB, Cohen AA. 2014. Physiological regulatory networks: the orchestra of life?. 
Integrative Organismal Biology 137-152. 
Martin LB, Liebl AL, Trotter JH, Richards CL, McCoy K, McCoy MW. 2011. Integrators: 
physiological determinants of phenotypic plasticity. Integrative and Comparative Biology 
51: 514–27. 
Martin LB, Liebl AL. 2014. Physiological flexibility in an avian range expansion. General and 
Comparative Endocrinology 206: 227-234. 
Martin LB, Liebl AL, Kilvitis HJ. 2015a. Covariation in stress and immune gene expression in a 
range expanding bird. General and Comparative Endocrinology 211: 14-19. 
Martin LB, Burgan SC, Adelman JS, Gervasi SS. 2015b. Host competence: an organismal trait to 
integrate immunology and epidemiology. Integrative and Comparative Biology 31(9): 
419-425. 
Martin LB, Brace AJ, Kilvitis HJ, Gervasi SS. 2016. 4 Invader Endocrinology: The Regulation 
of Behaviour in Pesky Phenotypes. In Biological Invasions and Animal Behaviour. JS 
Weis and D Sol, eds. pp. 47-62. 
Martin LB, Kilvitis HJ, Thiam M, Ardia D. 2017. Corticosterone regulation in house sparrows 
invading Senegal. General and Comparative Endocrinology 250: 15-20.  
Martinez-Arguelles DB, Papadopoulos V. 2010. Epigenetic regulation of the expression of genes 
involved in steroid hormone biosynthesis and action. Steroids 75(7): 467-476. 
25 
 
Morris MJ, Monteggia LM. 2014. Role of DNA methylation and the DNA methyltransferases in 
learning and memory. Dialogues Clinical Neuroscience 16(3): 3. 
Mueller BR, Bale TL. 2008. Sex-specific programming of offspring emotionality after stress 
early in pregnancy. Journal of Neuroscience 28(36): 9055-9065. 
Murgatroyd C, Patchev AV, Wu Y, Micale V, Bockmühl Y, Fischer D, Holsboer F, Wotjak CT, 
Almeida OF, Spengler D. 2009. Dynamic DNA methylation programs persistent adverse 
effects of early-life stress. Nature Neuroscience 12(12): 1559-1566. 
Nicotra AB, Atkin OK, Bonser SP, Davidson AM, Finnegan EJ, Mathesius U, Poot P, 
Purugganan MD, Richards CL, Valladares F, van Kleunen M. 2010. Plant phenotypic 
plasticity in a changing climate. Trends in Plant Science 15(12): 684-692. 
Nussey DH, Wilson AJ, Brommer JE. 2007. The evolutionary ecology of individual phenotypic 
plasticity in wild populations. Journal of Evolutionary Biology 20(3): 831-844.  
Parmesan C, Yohe G. 2003. A globally coherent fingerprint of climate change impacts across 
natural systems. Nature 421(6918): 37-42. 
Perez JE, Nirchio M, Alfonsi C, Munoz C. 2006. The biology of invasions: the genetic 
adaptation paradox. Biological Invasions 8(5): 1115-1121. 
Piersma, T, Drent J. 2003. Phenotypic flexibility and the evolution of organismal design. Trends 
in Ecology and Evolution 18(5): 228-233. 
Pigliucci M. 2001. Phenotypic plasticity: beyond nature and nurture. JHU Press. 
Potter C, McKay J, Groom A, Ford D, Coneyworth L, Mathers JC, Relton CL. 2013. Influence 
of DNMT genotype on global and site specific DNA methylation patterns in neonates and 
pregnant women. PloS One, 8(10): e76506. 
26 
 
Richards EJ. 2006. Inherited epigenetic variation—revisiting soft inheritance. Nature Reviews 
Genetics 7(5): 395-401. 
Richards CL, Bossdorf O, Muth NZ, Gurevitch J, Pigliucci M. 2006. Jack of all trades, master of 
some? On the role of phenotypic plasticity in plant invasions. Ecology Letters 9(8): 981-
993. 
Richards CL, Schrey A, Pigliucci M. 2012. Invasion of diverse habitats by few Japanese 
knotweed genotypes is correlated with epigenetic differentiation. Ecology Letters 15: 
1016–25. 
Romero LM, Dickens MJ, Cyr NE. 2009. The reactive scope model—a new model integrating 
homeostasis, allostasis, and stress. Hormones and Behavior 55(3): 375-389. 
Rutherford S, Hirate Y, Swalla BJ. 2007. The Hsp90 capacitor, developmental remodeling, and 
evolution: the robustness of gene networks and the curious evolvability of 
metamorphosis. Critical Reviews in Biochemistry and Molecular Biology 42(5):355-72. 
Sapolsky RM, Romero LM, Munck AU. 2000. How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions 1. 
Endocrine Reviews 21(1): 55-89. 
Schneider JS, Kidd SK, Anderson DW. 2013. Influence of developmental lead exposure on 
expression of DNA methyltransferases and methyl cytosine-binding proteins in 
hippocampus. Toxicology Letters 217(1): 75-81. 
Schrey AW, Alvarez M, Foust CM, Kilvitis HJ, Lee JD, Liebl AL, Martin LB, Richards CL, 
Robertson M. 2013. Ecological epigenetics: beyond MS-AFLP. Integrative and 
Comparative Biology 53(2): 340-350. 
27 
 
Shoemaker R, Deng J, Wang W, Zhang K. 2010. Allele-specific methylation is prevalent and is 
contributed by CpG-SNPs in the human genome. Genome Research 20(7): 883-889. 
Skinner MK. 2008. What is an epigenetic transgenerational phenotype?: F3 or F2. Reproductive 
Toxicology 25(1): 2-6. 
Skinner MK, Manikkam M, Guerrero-Bosagna C. 2010. Epigenetic transgenerational actions of 
environmental factors in disease etiology. Trends in Endocrinology and Metabolism 
21(4): 214-222. 
Smith SM, Vale WW. 2006. The role of the hypothalamic-pituitary-adrenal axis in 
neuroendocrine responses to stress. Dialogues Clinical Neuroscience 8(4): 383. 
Strehl C, Buttgereit F. 2014. Unraveling the functions of the membrane‐bound glucocorticoid 
receptors: first clues on origin and functional activity. Annals of the New York Academy 
of Sciences 1318(1): 1-6. 
Sweatt JD. 2009. Experience-dependent epigenetic modifications in the central nervous system. 
Biological Psychiatry 65(3): 191-197. 
Taff CC, Vitousek MN. 2016. Endocrine flexibility: optimizing phenotypes in a dynamic world? 
Trends in Ecology and Evolution 31(6): 476-488. 
Wagner GP, Pavlicev M, Cheverud JM. 2007. The road to modularity. Nature Reviews Genetics 
8:921–31. 
Wang J, Cui J, Chen R, Deng Y, Liao X, Wei Y, Li X, Su M, Yu J, Yi P. 2017. Prenatal 
exposure to lipopolysaccharide alters renal DNA methyltransferase expression in rat 
offspring. PloS One 12(1): e0169206. 
Waterland RA, Jirtle RL. 2004. Early nutrition, epigenetic changes at transposons and imprinted 
genes, and enhanced susceptibility to adult chronic diseases. Nutrition 20(1): 63-68. 
28 
 
Weaver ICG, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR, Dymov S, Szyf 
M, Meaney MJ. 2004. Epigenetic programming by maternal behavior. Nature 
Neuroscience 7(8): 847–54. 
Weaver IC, Meaney MJ, Szyf M. 2006. Maternal care effects on the hippocampal transcriptome 
and anxiety-mediated behaviors in the offspring that are reversible in adulthood. 
Proceedings of the National Academy of Sciences USA 103(9): 3480-3485. 
West-Eberhard MJ. 2005. Developmental plasticity and the origin of species differences. 
Proceedings of the National Academy of Sciences USA 102: 6543–9. 
Wingfield JC. 2013. The comparative biology of environmental stress: behavioural 
endocrinology and variation in ability to cope with novel, changing environments. 
Animal Behaviour 85(5): 1127-1133. 
Wingfield JC, Krause JS, Perez JH, Chmura HE, Németh Z, Word KR, Calisi RM, Meddle SL. 
2015. A mechanistic approach to understanding range shifts in a changing world: What 
makes a pioneer?. General and Comparative Endocrinology 222: 44-53. 
Wright TF, Eberhard JR, Hobson EA, Avery ML, Russello MA. 2010. Behavioral flexibility and 
species invasions: the adaptive flexibility hypothesis. Ethology Ecology and Evolution 
22(4): 393-404. 
WüST S, Federenko IS, Rossum EF, Koper JW, Kumsta R, Entringer S, Hellhammer DH. 2004. 
A psychobiological perspective on genetic determinants of hypothalamus‐pituitary‐
adrenal axis activity. Annals New York Academy of Sciences 1032(1): 52-62. 
Zhang TY, Hellstrom IC, Bagot RC, Wen X, Diorio J, Meaney MJ. 2010. Maternal care and 
DNA methylation of a glutamic acid decarboxylase 1 promoter in rat hippocampus. J 
Neuroscience 30(39): 13130-13137. 
29 
 
Zhang YY, Fischer M, Colot V, Bossdorf O. 2013a. Epigenetic variation creates potential for 
evolution of plant phenotypic plasticity. New Phytologist, 197(1): 314-322. 
Zhang TY, Labonté B, Wen XL, Turecki G, Meaney MJ. 2013b. Epigenetic mechanisms for the 
early environmental regulation of hippocampal glucocorticoid receptor gene expression 
in rodents and humans. Neuropsychopharmacology 38(1): 111-123. 
Zhang N. 2015. Epigenetic modulation of DNA methylation by nutrition and its mechanisms in 
animals. Animal Nutrition 1(3): 144-151. 
Zhi D, Aslibekyan S, Irvin MR, Claas SA, Borecki IB, Ordovas JM, Absher DM, Arnett DK. 
2013. SNPs located at CpG sites modulate genome-epigenome interaction. Epigenetics 
8(8): 802-806. 
 
  
30 
 
Figures 
 
 
Figure 1.1: Epigenetic regulation in the hypothalamic-adrenal-pituitary (HPA) axis. The 
regulation of GCs by the HPA-axis is a complex process in which epigenetic mechanisms have 
the potential to influence multiple steps, from the upstream processes involved in initiating GC 
synthesis to the downstream actions of GCs on target tissues. A Web of Science search was 
conducted in December 2016 in order to reveal the components of the HPA-axis in which 
epigenetic variation have been observed and where epigenetic regulation most likely to occur. 
Each component of the HPA-axis was queried using search terms “epigenetic” and “component 
name” or “component abbreviation” or “associated gene” (for exact search terms see 
Supplementary Table A1). After filtering out document types besides peer-reviewed primary 
articles, studies were then sorted into categories based on content. Review or non-relevant papers 
were notated, as were studies that investigated epigenetic marks but found no significant patterns 
or relevance to functionality (i.e., gene expression, effects on behavior, etc.). Articles that 
reported functional impacts of epigenetic marks were categorized by mechanism (DNA 
methylation, histone modification, or other). Numbers in yellow burst-symbols denote epigenetic 
regulation within each HPA component, which is calculated as: (the number of papers with 
evidence of functional epigenetic regulation / the total number of papers investigating that 
particular HPA component) x 100 (See Supplementary Table A1 for additional information).  
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Figure 1.2. Epigenetic potential as a mediator of PRN plasticity, and hence, range 
expansion success. In a hypothetical, newly established range-edge population, individuals 
(genotypes, G1-3) will vary in PRN state (due to plasticity) and structure (due to genes or 
enduring epigenetic marks) (e.g., connectivity). Some PRN structures (G3) have limited capacity 
for engaging in and stopping cross-talk (plasticity mediated via connectivity; lines among 
circles) between PRN hubs (e.g., aspects of the HPA-axis—red circles) and other subnetworks 
(blue circles) and hubs. However, other individuals (G1) have high epigenetic potential and 
hence a strong propensity for plasticity in PRN states including reversibility (dashed lines). Such 
genetic variation in epigenetic potential could influence organismal responses to stressors via the 
impacts of epigenetic marks on HPA regulatory plasticity (e.g. individual variation in 
homeostatic range/reactive scope—Romero 2009). However, some such variation probably is 
unmasked via developmental plasticity such as by exposure to an early-life stressor (left 
lightning bolt; early-life experience). In these cases, connectivity among PRN components in 
genotypes with low epigenetic potential may remain unchanged (G3). In contrast, the PRN state 
of genotypes with modest or high epigenetic potential (G1 and 2) would be capable of 
responding plastically to the early-life stressor to varying degrees (formation of new lines 
between circles). In individuals with modest epigenetic potential, early-life stressors might alter 
PRN connectivity similarly to individuals with high epigenetic potential, however, low 
expression of genes encoding epigenetic modifying enzymes and/or dietary restriction of methyl-
donors could stabilize connectivity within PRNs (i.e. solid black lines), at least compared 
genotypes with high epigenetic potential here facilitating reversibility in connectivity (i.e. dashed 
black lines). Contingent on further experience, environmental alterations to epigenetic potential 
(via diet or exposure other stressors—right lightning bolt) might further modify PRN state. Here, 
low epigenetic potential in G3 and the resultant limitations to PRN plasticity could result in 
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under-exuberant responses of the HPA-axis to novel stressors (e.g. homeostatic failure; red lower 
dashed line—Romero et al. 2009) whereas modest epigenetic potential for G2 might underlie 
over-exuberant responses to stressors (e.g. homeostatic overload; red upper dashed line—
Romero et al. 2009). For G1, high epigenetic potential might maximize phenotypic integration 
and de-integration (as stressors arise and subside or are surmounted/avoided) via the reversibility 
of edge formation among PRN subnetworks.  
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Abstract 
Populations undergoing range expansions are often faced with strong selective pressures, 
and to cope with such challenges, populations must either adapt quickly to local conditions or 
exhibit sufficient phenotypic plasticity to overcome novel challenges. This latter option—
particularly plasticity mediated by molecular epigenetic mechanisms—allows for rapid 
phenotypic adjustments and persistence in novel environments, and thus could be quite common. 
Our previous research on house sparrows in Kenya—a site of ongoing range expansion for this 
species—suggests that invasion success is facilitated by (i) differences in the expression of a 
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microbial surveillance gene (i.e. TLR4), and (ii) extensive variation in genome-wide DNA 
methylation among individuals. Here, our primary goal was to investigate whether these two 
observations are related, asking whether DNA methylation within the putative promoter of TLR4 
contributes to variation in TLR4 expression. We found that DNA methylation was quite variable 
among individuals, and variation was a strong predictor of differences in TLR4 expression. 
Moreover, we found genetic variation within the TLR4 promoter that may affect TLR4 
expression. To our knowledge, ours is the first study to demonstrate an association between 
DNA methylation and the expression of an ecologically relevant trait in the context of a range-
expanding vertebrate.  
 
Introduction 
Range expansions provide unique opportunities to document how novel environments 
shape phenotypic variation on microevolutionary scales (Lambrinos 2004; Ghalambor et al. 
2007; Forsman 2014). During range expansions, populations are exposed to strong selective 
pressures including novel enemies (i.e. predators, competitors and/or parasites) and unfamiliar or 
limited resources (Chuang and Peterson 2016). Individuals can overcome these challenges when 
their phenotypes are already pre-matched to local conditions, or they can exhibit sufficient 
plasticity to accommodate novel challenges (West-Eberhard 2003; Duckworth and Badyaev 
2007; Ghalambor et al. 2007). The former option, genetic adaptation, is often problematic in 
expanding populations, as short time scales, extensive admixture through repeated introductions, 
or founder effects at range-edges can affect rates of evolution (Allendorf and Lundquist 2003). 
Yet, despite these challenges, individuals in introduced or expanding populations often thrive in 
new areas and even exhibit marked phenotypic variation across their introduced ranges, resulting 
35 
 
in a genetic paradox (Perez et al. 2006). Such an outcome may in part be underlain by variation 
in phenotypic plasticity among individuals. Phenotypic plasticity is advantageous during range 
expansions because it enables individuals to cope with various environmental challenges 
including those with which populations have no or little evolutionary history (Ghalambor et al. 
2007; Forsman 2014). Moreover, evidence is accumulating that molecular epigenetic 
mechanisms, such as DNA methylation, often underlie plastic responses (reviewed in Schrey et 
al. 2013a; Kilvitis et al. 2014). Despite the potential importance of DNA methylation as a driver 
of such plasticity, few, if any, studies have investigated the role of molecular epigenetic 
mechanisms in vertebrate range expansions.  
House sparrows (Passer domesticus) are ideal for studying the role of DNA methylation 
in range expansions, as they comprise a highly successful and ubiquitous introduced species 
(Anderson 2006). One the most recent and ongoing range expansions of this species is in Kenya, 
where house sparrows were introduced to Mombasa in the 1950s. Birds there have since 
expanded northwestward toward the Ugandan border (Anderson 2006). The phenotypes of 
Kenyan house sparrows are quite variable among populations (Liebl and Martin 2012; Martin et 
al. 2014; Martin et al. 2015a). For example, distance from Mombasa (used as a proxy for 
population age) was a significant predictor of variation in Toll-like receptor 4 (TLR4) expression 
(Martin et al. 2014; Martin et al. 2015a); TLR4 is the major receptor for detecting Gram-negative 
bacteria and hence a strong elicitor of inflammation. Specifically, circulating and splenic 
leukocytes of individuals at the range-edge expressed more TLR4 than individuals residing near 
the site of introduction (Martin et al. 2014; Martin et al. 2015a). In the present study, our primary 
goal was to determine whether DNA methylation reflects TLR4 expression in Kenyan house 
sparrows. 
36 
 
We expected that DNA methylation and/or other epigenetic mechanisms are important 
drivers of phenotypic variation within this species. Indeed, several studies suggest that it is 
unlikely that genetic variation alone explains phenotypic variation and differences in gene 
expression among populations (Schrey et al. 2011; Schrey et al. 2014). For instance, Kenyan 
house sparrows have lower genetic diversity than native and introduced North American 
populations (Schrey et al. 2011). Furthermore, the expansion of sparrows across Kenya was not a 
simple wave expansion. All locations screened exhibited evidence of genetic admixture and 
long-distance dispersal, likely mediated by humans, suggesting that the extensive phenotypic 
differentiation observed among populations of different ages arises by some more complex 
mechanism than simple selection (Schrey et al. 2014).  
Another reason to expect epigenetic mechanisms to influence phenotypic variation 
among houses sparrows is the recency of the range expansion. Based on microsatellite data, there 
is evidence of population differentiation, but this is likely attributed to different proportions of 
admixture among locations rather than differences generated in each location. Further, given the 
little time that has passed and apparent extensive immigration/emigration, such factors would 
impede differentiation of local populations via genetic adaptation. By contrast, alteration of DNA 
methylation, by early-life experiences or other environmental influences, can have dramatic 
effects on phenotypic differentiation on much shorter time scales (reviewed in Schrey et al. 
2013a; Kilvitis et al. 2014). DNA methylation might therefore facilitate plasticity, allowing for 
more rapid phenotypic adjustments to local conditions (Bossdorf et al. 2008; Angers et al. 2010; 
Klironomos et al. 2013). Based on prior work, we know that DNA methylation is prevalent 
among house sparrows, and moreover, variation in DNA methylation is greater in a more 
recently introduced Kenya population compared to an older introduced North American 
37 
 
population (Schrey et al. 2012). Among Kenyan populations, we previously observed high levels 
of genome-wide variation in DNA methylation, as well as an inverse correlation between 
epigenetic and genetic diversity, suggesting that methylation might compensate for low genetic 
diversity at some Kenyan sites (Liebl et al. 2013). Whereas these studies were among the first to 
identify variation in DNA methylation in a range expanding vertebrate, it is still unknown 
whether such variation shapes the phenotypic traits that promote the success of the species at its 
expanding range boundaries. 
Here, we asked whether DNA methylation influences the expression of a gene associated 
with invasion success in Kenyan house sparrows, TLR4. To test this hypothesis, we identified 
and characterized a region of the putative TLR4 promoter in house sparrows. We then 
investigated whether (i) variation in DNA methylation exists the within the TLR4 promoter and 
(ii) if such variation predicts TLR4 expression. Because variation in gene expression can be 
influenced by epigenetic, genetic and environmental factors (Angers et al. 2010), we also 
explored how genetic variation within the TLR4 promoter and the site of capture of a bird along 
the Kenyan range expansion were associated with TLR4 expression. To our knowledge, this is 
the first study to assess simultaneously the effects of genetic and epigenetic variation on the 
expression of a functional gene in a natural context.  
 
Materials and Methods 
Sample collection 
 We caught adult house sparrows (n = 61) in mist nets between February and May 2011 
from five locations across Kenya, using distance from Mombasa (dfM) as a surrogate for 
population age (Mombasa (dfM = 0km; n=12), Voi (dfM = 160km; n=12), Nairobi (dfM = 
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500km; n=13), Nakuru (dfM = 650km; n=12) and Kakamega (dfM = 885km; n=12)). At capture, 
sex, body mass (to 0.1 g), tarsus and wing chord length (to 1.0 mm) were recorded. Within 15 
min of capture, birds were deeply anesthetized with isoflurane (Butler Animal Health Supply, 
Dublin, OH) then euthanized by rapid decapitation. Within 10 min of euthanasia, livers (an 
important tissue involved in immune function (Jenne and Kubes 2013) were removed using 
RNAase-free surgical tools and stored in RNAlater (Qiagen, Venlo, Netherlands) at room 
temperature for up to 3.5 months, then frozen at -40ºC until mRNA extraction once returned to 
the US. The USF IACUC (W3877) and the Kenyan Ministry of Science and Technology 
approved all procedures. 
TLR4 expression 
 For all individuals, livers were weighed (to 0.01 g) and mRNA was extracted from 0.03 g 
of tissue using a TRIzol/chloroform extraction method (Martin et al. 2015). Extracted samples 
were then stored at -40ºC until quantitative PCR. mRNA concentrations and purity were 
quantified using a spectrophotometer and standardized to 25-50 ng/µl prior to quantitative RT-
PCR. TLR4 expression was assessed via qPCR using the iTaq Universal SYBR Green One-Step 
Kit (Bio-Rad Laboratories, Berkeley, CA) and 150 nM of each primer designed using the TLR4 
sequence from zebra finch (Taeniopygia guttata) (NCBI accession number: EU779825.1; see 
Table 2.1). A six-step standard curve (468, 166, 56, 18, 5 and 2 ng/µl) using mRNA extracted 
from a homogenate of livers from house sparrows was used; nuclease-free water was used as a 
negative control and all samples were run in duplicate. qPCR cycle conditions and melt curve 
analysis were performed according to manufacturer’s instructions specified for the StepOne Plus 
qPCR platform (Applied Biosystems, Waltham, MA). 
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TLR4 promoter amplification and characterization 
 We took advantage of the sequenced zebra finch genome to design primers and optimize 
the PCR amplification of the putative TLR4 promoter for house sparrows. PCR and sequencing 
primers were designed from the Genbank zebra finch TLR4 locus sequence (NCBI accession 
number: EU779825.1; see Table 2.2) using the program PerlPrimer (Marshall 2004). Our PCR 
reactions (20 μL) were prepared using 1X GoTaq® Hot Start Polymerase buffer (Promega, 
Madison, WI), 3.75 mM MgCl2, 0.5 μM each dNTP, 0.38 μM each primer, 0.5 U HotStart Taq 
Polymerase and 1 μL diluted DNA. The amplifications of TLR4 locus were carried out on a 
Veriti Thermal Cycler (Applied Biosystems) using the following profile: initial denaturation at 
95°C for 2 min; 35 cycles at 94°C for 40 sec, annealing at 62°C for 40 sec and extension at 72°C 
for 150 sec; and a final extension at 72 °C for 5 min. Amplicons from 10 zebra finches and one 
house sparrow were visualized on 1% agarose gels. Then, products for which bands could be 
detected were cleaned with Qiaquick PCR purification kits (Qiagen) according to the 
manufacturer's protocols. Sequencing was then conducted on these cleaned samples at the 
University of Texas at Austin Institute for Cellular and Molecular Biology (ICMB). The 
resulting ABI Chromatograms were assembled using the ‘Map to Reference’ tool implemented 
in Geneious v6.1 (Biomatters, Auckland, New Zealand) and aligned using MEGA 6 (Tamura et 
al. 2013). The conservation between finch and sparrow sequences revealed that zebra finch 
primers would likely be effective for house sparrow genomic DNA. Indeed, using zebra finch 
primers, we were able to identify a ~500 bp region upstream of the TLR4 transcription start site 
(TSS) that contains three CpG sites (i.e., 726 to 1228 nucleotides upstream), which is 98 bp 
upstream of the TLR4 translation start site (ATG). 
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TLR4 promoter methylation 
 We extracted genomic DNA from 0.03 g of liver tissue using a standard 
phenol/chloroform/isoamyl alcohol DNA extraction protocol (Sambrook and Russell 2001). We 
then used bisulfite sequencing to quantify DNA methylation in the putative TLR4 promoter. 
Bisulfite conversions were performed on 500 ng µg-1 DNA using the EpiTect Bisulfite Kit 
(Qiagen). We amplified ~500 bp region of the putative TLR4 promoter before and after bisulfite 
conversion via traditional PCR using species specific primers designed using Methyl Primer 
Express v1.0 (Thermo Fisher, Waltham, MA) (see Table 2.1). For all individuals (n=61), pre-
bisulfite PCR was conducted on 25-50 ng of unconverted DNA using 2x PCR Master Mix 
(Promega), 1 µl each (10uM) forward/reverse pre-bisulfite primers and nuclease-free water to a 
final volume of 25 μl. Pre-bisulfite PCR cycling conditions included an initial denaturation step 
of 95°C 2 min, followed by 95°C 30 sec, 57°C 30 sec, 72°C 1 min (35 cycles) and 72°C 5 min. 
For a subset of individuals (n=40), an initial round of post-bisulfite PCR was conducted on 2 µl 
of bisulfite converted DNA using EpiMark PCR reagents (New England Biolabs, Ipswich, MA), 
2.5 mM each dNTPs, 0.625 µl each forward/reverse post-bisulfite primers (10µM) and nuclease-
free water to a final volume of 25 µl. Cycling conditions for the first round of post-bisulfite PCR 
included an initial denaturation step of 94°C 2 min, followed by 94°C 30 sec, 61°C 30 sec, 70°C 
45 sec (35 cycles) and 70°C 5 min. The second round of post-bisulfite PCR followed the same 
recipe as the first round, except 2 µl of post-bisulfite PCR product was used as the template. 
Cycling conditions for the second round of post-bisulfite PCR included an initial denaturation 
step of 94°C 2 min, followed by 94°C 30 sec, 63°C 30 sec, 68°C 1 min (35 cycles) and 70°C 5 
min. PCR product size was confirmed using gel electrophoresis (1% agarose, 120 V). PCR 
products were purified using ExoSAP-IT (Affymetrix, Santa Clara, CA) with a slight 
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modification to cycling conditions: both cycling steps were increased from 30 min to 45 min. For 
PCR products that produced faint bands on the gel, we used the PCRCLEAN DX (Aline 
Biosciences, Woburn, MA) bead-based PCR purification method according to manufacturer’s 
instructions. Purified PCR products were sent to the Georgia Genomics Facility at the University 
of Georgia (Athens, GA) for DNA sequencing using a forward sequencing primer that was 
slightly modified from the forward post-bisulfite PCR primer (see Table 2.1). The resultant lane 
files were processed and aligned with MEGA 6. Because our DNA samples were obtained from 
a homogenate of liver cells that may differ in methylation profiles, we calculated percentage of 
methylation at each of the 3 CpG sites using Chromas software and the following equation: peak 
height of C/(peak height of C + peak height of T) x 100 (Jiang et al. 2010).  
Genetic characteristics 
 Using the pre-bisulfite treated sequences of all individuals, we found four SNPs within 
the target region, which, due to linkage, were inherited as four distinct haplotypes. Across all 
haplotypes, we observed perfect linkage disequilibrium between SNP1 and SNP2 and between 
SNP3 and SNP4. Using this information, each individual was assigned a genotype based on 
SNPs at each position. Because we found only a single rare-allele homozygote for SNPs 1&2, 
and none for SNPs 3&4, we simplified our genotypes to just two for each set of SNPs. Animals 
were scored as either homozygous for the common allele, or as carriers of the minor allele. We 
previously detected very little DNA sequence variation in exon 3 of TLR4 among Kenyan house 
sparrows from the same populations sampled in the current study; and what variation was present 
revealed very little differentiation among locations in Kenya (personal communication, A. W. 
Schrey, 2015), thus we decided not to assess genetic variation within the coding region of TLR4 
in the current study. 
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Data analysis 
 Prior to all analyses, a Shapiro-Wilks test revealed that only TLR4 expression data were 
non-normally distributed, but log10-transformation produced normality and models met all 
assumptions after transformations. We first sought to determine whether distance from Mombasa 
(dfM; our surrogate for population age) was predictive of hepatic TLR4 expression, a pattern we 
had found previously for peripheral leukocytes and splenocytes (Martin et al. 2014; Martin et al. 
2015), using a general linear model: dfM and body mass were included as continuous covariates 
and sex was included as a factor. As sex and body mass were not predictive of TLR4 expression, 
these terms were excluded from further analyses. Next, we used a linear-mixed model to assess 
whether DNA methylation at the 3 distinct CpG sites within focal sequence (CpG1, CpG2 and 
CpG3) predicted TLR4 expression; CpG % methylation assessments were treated as continuous 
covariates, and the individual bird was treated as a random factor to account for repeated 
assessments of methylation within individuals. This model revealed that only CpG1 methylation 
predicted TLR4 expression. Using a linear mixed model, we then investigated whether the effect 
of DNA methylation at CpG1 on TLR4 expression differed according to distance from Mombasa: 
% methylation at CpG1, dfM and their interaction (CpG1 x dfM) were included as continuous 
covariates. We then explored whether TLR4 expression or CpG1 methylation was predicted by 
genetic variation within the TLR4 promoter (i.e. genotype at SNP1 and SNP3) using two 
independent samples t-tests. For both tests, we included TLR4 expression and CpG1 methylation 
as dependent variables, with the first t-test including genotype at SNPs 1&2 (i.e. SNP1) as the 
independent variable, whereas the second t-test included genotype at SNPs 3&4 (i.e. SNP3) as 
the independent variable. All statistical analyses were conducted using IBM SPSS Statistics v24 
and figures were created using GraphPad Prism.  
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Results 
Distance from Mombasa (dfM) and TLR4 expression 
 Hepatic TLR4 expression was not influenced by body mass (F1,55 = 1.949, P = 0.168) or 
sex (F1,55 = 0.579, P = 0.45), but distance from Mombasa (dfM) had a significant positive effect 
on expression (F1,55 = 8.003, P = 0.007) (Figure 2.1).  
Promoter characteristics, DNA methylation, dfM and TLR4 expression 
 We identified 3 CpG sites within a region of the putative TLR4 promoter (Figure 2.2A). 
Across all 3 sites, percent methylation ranged from 71-100%. Mean percent methylation across 
all 3 CpG sites was 92.02% (CpG1: 89.37% +/- 6.7 (SD; n=40); CpG2: 90.73% +/- 7.1 (SD; 
n=40); CpG3: 95.95% +/- 3.6 (SD; n=40)). TLR4 expression was negatively associated with 
DNA methylation at CpG1 (F1, 36
 = 10.134, P = 0.003), but not predicted by DNA methylation at 
CpG2 (F1, 36 = 0.237, P = 0.63) or CpG3 (F1, 36 = 0.646, P = 0.427) (Figure 2.2B). For the model 
investigating a potential interaction between CpG1 methylation and dfM on TLR4 expression, 
CpG1 was a significant predictor (F1,36 = 9.869, P = 0.003), however neither dfM (F1,36 = 1.375, 
P = 0.249) nor the interaction (CpG1 x dfM; F1,36 = 1.729, P = 0.197) were significant predictors.  
Genetic characteristics 
 We identified four SNPs within the putative TLR4 promoter, which due to linkage, were 
inherited as just four haplotypes: CGTG, TACA, CGCA and TATG (Figure 2.3A). Among the 
four SNPs, we found that SNP1 and SNP2 were in perfect linkage disequilibrium (R2=1.0) and 
that SNP3 and SNP4 were also in perfect linkage disequilibrium (R2=1.0). For SNPs 1&2, 47 
individuals were homozygous for the major allele (CG/CG), 13 were heterozygous (CG/TA), and 
1 was homozygous for the rare allele (TA/TA). For SNPs 3&4, 53 individuals were homozygous 
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for the major allele (TG/TG), 8 were heterozygous (TG/CA) and none were homozygous for the 
rarer CA allele. Because only one individual was homozygous for the minor frequency TA allele 
at SNPs 1&2, and none were homozygous for the rare CA allele in SNPs 3&4, we simplified our 
analysis to compare only individuals who were homozygous for the common allele at a SNP to 
those who had at least one copy of the rare allele. In practice, SNPs 1&2 were not only perfectly 
linked to one another, but were also strongly linked to SNPs 3&4 (R2 = 0.80). Although we 
report analyses for both sets of SNPs below, linkage makes the results somewhat redundant, and 
we plot only the effects of SNP 3&4 in our main text (for the effects of SNPs 1&2, see 
Supplementary Figure B1). 
Genetic sources of variation in CpG1 methylation and TLR4 expression 
 Upon finding an effect of DNA methylation on TLR4 expression, we investigated 
whether SNP variation predicted DNA methylation at CpG1. For SNPs 1&2, we found no 
significant difference in CpG1 methylation between CG/CG homozygotes (n=33; x̅ = 0.89 ± 0.07 
SD) and individuals with 1 or more TA alleles (n=7; x̅ = 0.90 ± 0.05 SD; t (38) = -0.175, P = 
0.862; see Supplementary Figure B1A). For SNPs 3&4, there was no significant differences in 
CpG1 methylation between the common TG/TG genotype (n=35; x̅ = 0.90 ± 0.07 SD) and the 
rare TG/CA genotype (n=5; x̅ = 0.89 ± 0.05 SD; t (38) = 0.554, P = 0.583; Figure 2.3B). Next, 
we investigated whether genetic variation at these SNPs predicted TLR4 expression. For SNPs 
1&2, we found no significant difference in TLR4 expression between the CG/CG genotype 
(n=47; x̅ = 1.34 ± 0.57 SD) and individuals with at least one TA allele (n=14; x̅ = 1.26 ± 0.47 
SD; t (59) = 0.476, P = 0.635; see Supplementary Figure B1B). For SNPs 3&4, we found a 
marginally non-significant difference between TG homozygotes (n=53; x̅ = 1.36 ± 0.57 SD) and 
TG/CA heterozygotes (n=8; x̅ = 1.11 ± 0.29 SD) on TLR4 expression (t (16.936) = 1.941, P = 
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0.069; Figure 2.3C). We then visualized the geographic distribution of genotypes at these SNPs 
and the percentage of DNA methylation at CpG1 across Kenya (Figure 2.4). In doing so, we 
found evidence of genetic admixture among populations, which is consistent with previous 
findings in Kenyan house sparrows using microsatellites (Schrey et al. 2014) (SNPs 1&2, see 
Supplementary Figure B2; SNPs 3&4, Figure 2.4A). We also visualized the amount of DNA 
methylation occurring at CpG1 within the putative TLR4 promoter across Kenyan populations 
(Figure 2.4B). 
 
Discussion 
 In accordance with previous findings for TLR4 expression in peripheral and splenic 
leukocytes (Martin et al. 2014; Martin et al. 2015), hepatic TLR4 expression was positively 
correlated to dfM, thus, lending further support for the potential role of TLR4 as a facilitator of 
range expansion success in this species. More importantly, our study is among the first to 
demonstrate an association between DNA methylation and an ecologically-relevant phenotype 
(e.g., TLR4 expression) in a range-expanding vertebrate. Specifically, we detected a strong 
relationship between DNA methylation at one, but not two other, putative promoter CpG sites on 
expression of TLR4, a gene involved in microbial surveillance. Moreover, we discovered 4 
genetically-linked polymorphisms within the TLR4 promoter, but the effects of this genetic 
variation on TLR4 expression remain unclear. Below, we discuss the implications of these results 
for range expansion of this species in Kenya. 
TLR4 as a facilitator of house sparrow range expansions 
 In the current study, our focus on determining the drivers of variation in TLR4 expression 
was motivated by previous findings from our lab which revealed that TLR4 expression in 
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peripheral blood leukocytes and splenocytes (Martin et al. 2014; Martin et al. 2015) was highest 
at the range-edge. Here, we found a similar pattern with TLR4 expression in the liver being 
highest at the range-edge. In regards to immune surveillance for microbial threats, the liver is an 
important immune tissue due to its unique anatomical position near the intestines and the portal 
vein (Jenne and Kubes 2013). Kupffer cells and other hepatocytes are among the first to 
encounter both gut and blood-derived endotoxins, including lipopolysaccharide (LPS) (Seki and 
Brenner 2008; Jenne and Kubes 2013), thus, the detection of microbial threats via hepatic TLR4, 
and the resultant release of pro-inflammatory mediators, is likely to be especially important in 
combatting infections. In a previous study on Kenyan house sparrows, we found that individuals 
with lower peripheral leukocyte TLR4 expression were more likely to be infected with malaria 
and coccidian parasites (Martin et al. 2014). Therefore, at range-edges, where encountering novel 
parasitic threats is likely to be more common, high hepatic TLR4 expression should be beneficial 
for coping broadly with such challenges. Interestingly, though, given the constant exposure of 
hepatocytes to low levels of gut and food-derived microbial constituents, such as LPS, and the 
potential for immune over-exuberance even in the absence of a microbial threat, the liver is also 
a critical site of tolerance. Indeed, both response to pathogens and tolerance of gut-derived 
microbiota are mediated by TLR4 expression (Liew et al. 2005; Crispe et al. 2006; Schwabe et al. 
2006; Seki and Brenner 2008), and in some cases, can be influenced by epigenetic mechanisms 
(Takahashi et al. 2009). TLR4-mediated tolerance within the liver is achieved by continuous 
exposure of cell-type specific TLR4 to gut-derived endotoxins and the subsequent release of anti-
inflammatory mediators (Nakamoto and Kanai 2014). At range-edges, higher expression of 
hepatic TLR4 may be the result of individuals consuming more novel foods, and thus increased 
exposure to food-derived antigens. Alternatively, high TLR4 expression may allow for the 
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mitigation of costs associated with immune function (e.g. inflammation). Indeed, we previously 
found in individual Kenyan house sparrows that high TLR4 expression was associated with low 
energetic and nutrient costs of inflammation (Martin et al. 2017). Therefore, increased TLR4 
expression may facilitate broad immunological protection from novel parasites while alleviating 
trade-offs with other traits important for success at range-edges (e.g. growth and reproduction). 
While the measurement of abiotic differences among populations (e.g. elevation, rainfall, etc.), 
individual infection status, and cell-type specific contributions to variation in hepatic TLR4 
expression is beyond the scope of this study, our results lend further support to the role of TLRs 
as facilitators of range expansion success in Kenyan house sparrows. 
Sources of variation in TLR4 expression 
 A molecular epigenetic mechanism, DNA methylation, predicted differential expression 
of a gene integral to microbial defense (i.e. TLR4) in Kenyan house sparrows. Increasing 
evidence suggests that DNA methylation plays an important role in regulating the vertebrate 
immune system (Deaton et al. 2011), particularly TLR4-mediated inflammatory responses 
(Takahashi et al. 2009; Chang et al. 2015), and that such regulation can be influenced by 
environmental factors. For example, in goats, systemically increased levels of LPS was 
associated with reduced DNA methylation within the TLR4 promoter, increased hepatic TLR4 
expression and enhanced inflammatory responses within the liver (Chang et al. 2015). Moreover, 
in human intestinal epithelial cells, continuous exposure to gut-derived endotoxins (i.e. LPS) was 
correlated with hypermethylation of the TLR4 promoter, decreased TLR4 expression and 
increased tolerance to intestinal microbiota (Takahashi et al. 2009). Interestingly, we found that 
the methylation status at CpG1 varied from only ~73-100%, yet had significant effects on TLR4 
expression. Other studies have demonstrated that a similar magnitude of variation in DNA 
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methylation can have profound effects on phenotypes (Weaver et al. 2004; Gou et al. 2012). For 
example, small differences in TLR4 promoter methylation (<8%) were discovered between 
chickens with differential resistance to Salmonella enteritidis (Gou et al. 2012); resistant 
chickens increased leukocyte TLR4 expression 16 hours post-inoculation compared to more 
modest changes in susceptible chickens. In light of these findings, the level of individual 
variation in DNA methylation we observed in Kenyan house sparrows is likely to be relevant in 
terms of an individual’s capacity to defend against parasites. However, because we lack 
information on current or prior infection history on the birds used in this study, it remains 
unclear whether variation in DNA methylation among individuals was due to current 
environmental conditions (e.g. infection status) or whether these differences were established 
early in life.  
Whereas the above results suggest a putative role for DNA methylation in the plastic 
responses to range expansion in sparrows, genetic variation within the TLR4 promoter could also 
affect TLR4 expression. We found four linked SNPs within the TLR4 promoter that grouped into 
two general genotypes: one homozygous for common alleles, and another comprised of 
individuals with at least one copy of a rare allele. While we found no relationship between 
genetic variation (i.e. promoter SNPs) and CpG1 methylation, we detected a trend, while not 
significant, that suggests genotype differences may influence TLR4 expression. Several studies 
have demonstrated that SNPs within regulatory regions (e.g. gene promoters or enhancers) can 
significantly impact mRNA transcript levels (Okhovat et al. 2015). In some cases, these effects 
are strong enough to affect disease susceptibility (Knight et al. 1999; Wang et al. 2005; 
Stepanova et al. 2006). For example, a SNP within the promoter of the pro-inflammatory 
cytokine gene, tumor necrosis factor (TNF), alters the binding capacity of the transcription 
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factor, OCT-1 (via changing the transcription factor binding site motif within the TNF promoter). 
This SNP affects susceptibility to malaria infection in humans (Knight et al. 1999). Indeed, in the 
present study, the TLR4 promoter SNPs did not predict % methylation at CpG1, suggesting that 
drivers of gene expression, at least at one locus, operate independently. Moreover, while the 
effect of SNPs 3&4 on expression was non-significant here, this outcome is plausibly driven by 
the relatively small sample size available for study and/or the rarity of this genotype among 
sparrows in general. 
Interactions between genetic and epigenetic variation in TLR4 expression 
 In the context of range-expanding populations, where genetic diversity is typically low 
due to founder effects and genetic bottlenecks, variation in DNA methylation may facilitate 
phenotypic variation (Angers et al. 2010; Kilvitis et al. 2017). Several studies in introduced and 
invasive plant species have indicated a role for epigenetic mechanisms in mediating traits 
associated with invasiveness and competitive ability (Salmon et al. 2005; Richards et al. 2012; 
Preite et al. 2015). In Kenyan house sparrows though, and perhaps in many species with high 
dispersal potential, the interactions between genetic and epigenetic processes might be more 
complex. On the one hand, we previously observed such high genetic admixture at the Kenyan 
range edge that these populations achieved the same level of genetic diversity as older 
populations elsewhere in the world, including native ones (Schrey et al. 2011). We argued that 
the tendency for sparrows to reside in close proximity to humans, where they could occasionally 
hitch rides on trucks or trains, could lead to high gene flow across large distances. On the other 
hand, in the same system, we found that populations with low genetic diversity had high 
genome-wide epigenetic diversity (as quantified by MS-AFLP; Liebl et al. 2013). This pattern 
suggests epigenetic compensation for a depauperate gene pool in some sites. Coupled with 
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observations for extensive physiological and behavioral differences among populations in Kenya 
and the ability of the species to adjust rapidly to local conditions throughout its global range, 
there seems strong reasons to study further the role of methylation in mediating gene expression, 
and phenotypic differentiation broadly, in this introduced species.  
Conclusions 
 Given the plethora of challenges inherent to novel environments, we expect that 
epigenetically-mediated phenotypic plasticity may be a particularly important mechanism by 
which invasive species cope with such adversity (Kilvitis et al. 2017). The role of molecular 
epigenetic mechanisms and phenotypic plasticity in facilitating invasion success has been 
increasingly gaining attention in the plant literature, however, studies of this nature remain 
elusive in the context of invasive vertebrates. With the recent advances in genomic 
characterizations of vertebrates and the increasing affordability of using more targeted molecular 
epigenetic techniques, future studies investigating the underlying contribution of both epigenetic 
and genetic variation in traits related to invasiveness are likely to provide invaluable insight into 
the mechanistic bases of complex phenotypic responses to environmental heterogeneity. 
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Figures 
 
Figure 2.1. The relationship between distance from Mombasa (dfM) and TLR4 expression 
in Kenyan house sparrows. Similar to previous findings in peripheral blood leukocytes (Martin 
et al. 2014) and splenocytes (Martin et al. 2015), dfM was predictive of TLR4 expression in the 
liver. Bars are means +/- 1SE. Populations are indicated by the following abbreviations and 
distances relative to Mombasa: MO (Mombasa—0km), VOI (Voi—160km), NA (Nairobi—
500km), NK (Nakuru—650km), and KA (Kakamega—885km). 
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Figure 2.2. Location of CpG sites and characterization of DNA methylation in the surveyed 
~500 bp putative promoter region located within 2 kb region upstream of the house 
sparrow TLR4 gene. (A) The location of the 3 CpG sites and the TLR4 translation start site 
(ATG) are indicated relative to their distance from the TLR4 translation start site (TSS +1). (B) 
Of the 3 CpG sites measured, only percent methylation at CpG1 was predictive of TLR4 
expression (P = 0.003), such that DNA methylation was inversely associated with expression. 
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Figure 2.3. The effects of genetic variation within the putative TLR4 promoter (i.e. 
genotype at SNPs 3&4) on DNA methylation at CpG1 and TLR4 expression. (A) Depiction 
of the ~500 bp region of the putative TLR4 promoter indicating the location and nucleotide 
composition of the 4 SNPs identified from pre-bisulfite treated PCR sequences (* = location of 
CpG sites). (B) DNA methylation at CpG1 did not significantly vary among genotypes at SNPs 
3&4. (C) For TLR4 expression, there was a marginally non-significant difference among 
genotypes at SNPs 3&4. Bars are means +/- 1SE. 
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Figure 2.4. Distribution of genotypes at SNPs 3&4 and % DNA methylation at CpG1 
within the TLR4 promoter according to distance from Mombasa (dfM). (A) Indicates 
evidence of genetic admixture among populations. (B) Distribution of % DNA methylation at 
CpG1 among populations. Populations are indicated by the following abbreviations and distances 
relative to Mombasa: MO (Mombasa—0km), VOI (Voi—160km), NA (Nairobi—500km), NK 
(Nakuru—650km), and KA (Kakamega—885km). 
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Tables 
 
Table 2.1. qPCR, pre-bisulfite and post-bisulfite sequencing primers (5’ to 3’) for house 
sparrow TLR4 
 
 
Table 2.2. PCR and sequencing primers (5’ to 3’) for characterizing putative TLR4 in zebra 
finches and house sparrows 
 
*Tm = melting temperature 
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CHAPTER III: 
CORTICOSTERONE IS CORRELATED TO MEDIATORS OF NEURAL PLASTICITY 
AND EPIGENETIC POTENTIAL IN THE HIPPOCAMPUS OF SENEGALESE HOUSE 
SPARROWS (PASSER DOMESTICUS) 
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Abstract 
During range expansions, coping with novel challenges often requires rapid adjustments 
to inherently-plastic traits. Our previous research on house sparrows in Kenya revealed that (i) 
range-edge birds released more corticosterone (CORT) in response to a stressor, ii) were more 
exploratory than range-core birds, and (iii) exhibited extensive variation in genome-wide DNA 
methylation among individuals. Within the hippocampus, mediators of neural plasticity such as 
brain-derived neurotrophic factor (BDNF), can influence and be influenced by CORT and 
hippocampus-associated behaviors. Moreover, variation in the capacity for the interactions 
between CORT, BDNF and relevant behaviors may be influenced by the activity of epigenetic 
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modification enzymes. Here, we investigated whether previously observed physiological and 
behavioral patterns might coincide with population-level differences in the expression of BDNF 
and DNA methyltransferases (DNMTs) within the hippocampus and stressor-induced CORT. 
DNMT expression is an important mediator of epigenetic potential, the propensity of a genome to 
capacitate phenotypic variation via mechanisms such as DNA methylation.  We surveyed three 
populations of house sparrows across an ongoing range expansion in Senegal, predicting that 
hippocampal BDNF and DNMT expression would be highest at the range-edge, and that BDNF 
and DNMT would be inversely related to one another, but would each positively covary with 
CORT within individuals. We found a nonlinear relationship between CORT and BDNF 
expression within individuals. Moreover, we found that CORT positively covaried with DNMT1 
expression in a more recently established population, while the reverse was true in the oldest 
population (i.e. at the range-core). Our study is among the first to explore whether and how 
variation in CORT contributes to variation in mediators of neural plasticity and epigenetic 
potential within the hippocampus of a range-expanding vertebrate. 
 
Introduction 
As the rate of human-induced environmental change continues to increase, so too does 
the pressure for organisms to adjust rapidly to novel conditions (Ghalambor et al. 2007). In the 
context of ongoing range expansions, range-edge populations are often faced with population 
genetic challenges (e.g. bottlenecks and/or founder effects), as well as exposure to strong 
selective pressures including novel enemies and/or unfamiliar resources (Perez et al. 2006). 
Oftentimes, successfully coping with novel environmental stressors requires rapid adjustments of 
environmentally-sensitive (i.e. plastic) traits (Ghalambor et al. 2007; Forsman 2014). For 
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example, several studies in vertebrates have indicated that variation in the regulation of 
glucocorticoids (GCs) and/or certain behaviors (e.g. exploration) may be particularly important 
at range-edges (Liebl and Martin 2012; Martin and Liebl 2014; Martin et al. 2017; Atwell et al. 
2014), as these traits often dictate the outcome of current and future interactions with novel 
environmental stressors. Moreover, increasing evidence suggests that plasticity in these traits is 
often mediated by molecular epigenetic mechanisms (Ledon-Rettig et al. 2013), which may act 
as compensatory mechanisms in populations with low genetic diversity (Angers et al. 2010; 
Schrey et al. 2012; Liebl et al. 2013). However, the extent to which regulatory mediators of 
plasticity (e.g. physiological, behavioral and epigenetic) interact and contribute to range-
expansion success remains unclear. 
 In novel environments (e.g. at range-edges), the plasticity in the regulation of GCs by the 
hypothalamic-pituitary-adrenal (HPA) axis could be particularly crucial for survival, as GCs 
coordinate diverse physiological and behavioral responses required to maintain homeostasis 
(Romero et al. 2009). In two recent and geographically distinct range expansions of the house 
sparrow (Passer domesticus) (i.e. Kenya and Senegal), we found that individuals at the range-
edge released more corticosterone (CORT; the major avian GC) in response to a restraint stressor 
than individuals residing at the range core (Liebl and Martin 2012; Martin et al. 2017). 
Moreover, in Kenya, range-edge birds were more exploratory (Liebl and Martin 2012) and more 
likely to consume novel foods (Liebl and Martin 2014) than birds at the range-core. Behaviors 
such as exploration and dietary neophagia are likely to facilitate the acquisition of novel 
information (e.g. learning which predators to avoid and/or where to find novel resources) 
through environmental sampling (Davis et al. 2004). At range-edges, low density of conspecifics 
may reduce the opportunity for social learning, so associative and spatial learning (via 
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exploration and/or neophagia) should be particularly advantageous (Dukas 2013). Moreover, 
these behaviors are associated with activity of the HPA-axis, which regulates the release of 
CORT. Among many functions, CORT enhances the encoding, storage and recollection of 
learned information (Schaaf et al. 2000). As such, greater capacity for associative and spatial 
learning/memory can refine physiological (e.g. altered HPA-axis responsivity) and behavioral 
(e.g. increased vigilance/avoidance) responses upon subsequent exposure to the same stressor. 
Importantly, the bidirectional effects of CORT and behavior on neural encoding of 
associative/spatial information are mediated by dynamic changes in gene expression within the 
hippocampus (Cunha et al. 2010), demonstrating how plasticity at the molecular/neurological 
level can influence and be influenced by plasticity at the physiological and/or behavioral levels. 
Within the hippocampus, the process of learning and memory formation is highly plastic, 
involving continuous establishment, reconfiguration and strengthening of neural connections in 
response to extrinsic and intrinsic stimuli (Cunha et al. 2010). In vertebrates, modulation of these 
processes, including adult neurogenesis and synaptic strengthening, requires changes in the 
expression of genes involved in neural plasticity (Cunha et al. 2010). Regulation of genes 
encoding neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), is particularly 
important for hippocampal learning/memory and is highly context-dependent (Suri and Vaidya 
2013). In rodents, upregulation of hippocampal BDNF has been reported following learning 
paradigms or exploration of an enriched/novel environment (Schaaf et al. 2000) and was also 
associated with enhanced cognitive performance and exploratory behavior (Schaaf et al. 2000; 
Kazlauckas et al. 2011). However, the severity and duration of a stressor (e.g. chronic) can 
inhibit hippocampal BDNF expression and result in cognitive deficits (Schaaf et al. 2000). Given 
the importance of the hippocampus for negative feedback of the HPA-axis, high density of GC 
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receptors enables CORT to be a potent regulator of hippocampal BDNF expression (Finsterwald 
and Alberini 2014). Importantly too, CORT effects on hippocampal BDNF expression are 
partially mediated by context-dependent molecular epigenetic changes (e.g. DNA methylation) 
to the BDNF gene (Sweatt 2009). Indeed, the hippocampus and the vertebrate brain in general 
are among the few sites in which epigenetic mechanisms remain highly sensitive to 
environmental inputs throughout adulthood (Sweatt 2009; Morris and Menteggia 2014). These 
findings demonstrate the importance of considering how variation in CORT and/or epigenetic 
mechanisms may interact to influence differences in hippocampal BDNF expression and how 
these processes might influence individual success at range-edges.  
 DNA methylation patterns are catalyzed and ultimately maintained by DNA 
methyltransferases (DNMTs) (Sweatt 2009; Morris and Monteggia 2014). DNMT1 primarily 
maintains methylation marks established after mitosis whereas DNMT3a/b are de novo 
methyltransferases that add methyl groups to previously unmethylated regions of DNA (Morris 
and Monteggia 2014). In the hippocampus, DNMT1 and DNMT3a are highly expressed in both 
neural precursor cells and post-mitotic neurons (Feng et al. 2007, 2010), where they act in 
concert with physiological factors (e.g. CORT) to coordinate organismal-wide responses to 
various experiential factors (e.g. learning/memory paradigms, novel environments, etc.) (Sweatt 
2009). Several studies have demonstrated a crucial role for DNMTs in the regulation of 
hippocampal-mediated learning and memory, where pharmacological inhibition of DNMTs 
resulted not only in severe learning and memory deficits, but also changed DNA methylation of 
BDNF and several other neural plasticity genes (reviewed in (Sweatt 2009; Morris and 
Monteggia 2014)).  
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Importantly, while CORT responses transduce contextual information from the 
environment, the propagation and coordination of this information into functional, whole-
organism responses relies heavily on the catalytic capacity of epigenetic modification enzymes 
(e.g. DNMTs) to regulate gene expression. Subsequently, variation in the activity of DNMTs 
could arise via genetic (e.g. variation in the coding region of DNMT genes) and/or environmental 
(e.g. availability of dietary methyl-donors) factors (Kilvitis et al. 2017). Moreover, as mRNA is a 
necessary precursor in the production of proteins, variation in DNMT expression is likely to 
influence the capacity for environmentally-induced epigenetic change (i.e. epigenetic potential—
Kilvitis et al. 2017). Importantly, DNMTs may act as capacitors of hippocampal plasticity, where 
epigenetically-mediated changes are only potentiated under specific environmental conditions. 
For instance, high hippocampal DNMT expression could be beneficial for coping with novel 
stressors (e.g. at range edges) by facilitating rapid and highly coordinated epigenetic modulation 
of neural plasticity genes.  
Here, we used DNMT expression as a proxy of epigenetic potential within the 
hippocampus, expecting that individual variation in DNMT expression may influence not only 
BDNF expression, but that such molecular interactions might be mediated by other traits, namely 
CORT. We specifically investigated whether hippocampal BDNF and DNMT expression differed 
among populations of house sparrows in Senegal, the site of one of the most recent 
introductions/expansions of this species (Lever 1989; Anderson 2006). We hypothesized that 
hippocampal BDNF expression and DNMT1/DNMT3a expression would be highest at the range-
edge, as high expression of these genes within the hippocampus should potentiate 
learning/memory and epigenetically-mediated plasticity, respectively. Given the role of 
hippocampal DNMTs in the regulation of hippocampal BDNF expression, we tested whether the 
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expression of DNMTs covaried with BDNF expression within individuals, with the expectation 
that DNMT1/DNMT3a expression would be negatively correlated to BDNF expression. We then 
investigated whether and how CORT covaried with DNMT and BDNF expression, predicting 
that CORT would positively covary with both within individuals. 
 
Materials and Methods 
Sparrow capture and husbandry 
 We captured adult house sparrows (Passer domesticus) (n=20) in mist nets in December 
2015 from three locations in Senegal: Dakar (n=8), Saint Louis (n=7) and Richard Toll (n=5).  
House sparrows were introduced to the port city of Dakar around 1970 (Lever 1989) and have 
since spread northward along the coast to Saint Louis and northeastern to interior cities along the 
Senegal River (e.g. Richard Toll and Podor) (Summers-Smith 2010). While the precise timing of 
post-expansion colonization of some cities (e.g., Saint Louis and Richard Toll) remains 
unknown, several sources agree that Dakar was the site of initial introduction (i.e. the range-
core) and that Saint Louis and Richard Toll represent younger, more recently established 
populations (see Martin et al. 2017). Upon capture, we recorded sex, mass (to 0.1g), and tarsus 
length (to 1mm) for each individual. Birds were held in cloth bags to await transport to facilities 
where they were housed in captivity for ~44hrs. Birds were housed individually in cages (11”L x 
9”W x 16”H) during this period with ad libitum access to food (mixed seeds) and water. 
Corticosterone and hippocampal sampling 
 At ~44hrs in captivity, birds were removed from their cages and within 3min, a blood 
sample was collected from the brachial vein (~25µl) to assess circulating corticosterone (CORT) 
levels under basal conditions. Birds were then held in cloth bags for 30min, at which time a 
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second blood sample was taken (~25µl) to assess circulating levels of CORT in response to a 
stressor (i.e. restraint). Blood samples were centrifuged immediately and plasma removed before 
being placed in liquid nitrogen. Within 1.5hrs of collecting the final blood sample, birds were 
deeply anesthetized with isoflurane (Butler Animal Health Supply, Dublin, OH) and 
euthanatized by rapid decapitation. Within 10min of euthanasia, hippocampi were extracted 
using RNase-free surgical tools and stored in RNAlater (Ambion, Fisher Scientific) at room 
temperature until they were returned to the US and stored at -40°C. Sample export to the US was 
supported by USDA-APHIS permit #105345, and all procedures were approved in advance by 
the USF IACUC (#IS0000636) and the Senegalese Ministere de L’Environment et du 
Development Durable (#02541). An EIA kit (Arbor Assays, K014-H5) was used to measure total 
plasma CORT, with slight modifications to the kit protocol optimized for use in house sparrows 
(Martin et al. 2017). All samples were run in duplicate and randomly assigned within and among 
plates. Intra-assay variation was 4.2%; inter-assay variation was 15.0%. 
RNA extraction and DNase treatment 
 Whole hippocampi were weighed (to 0.01g) and mRNA was extracted using the 
TRIzol/chloroform (Ambion) extraction method (as described by Martin et al. 2015). Prior to 
DNase treatment, mRNA concentrations were quantified using a spectrophotometer to determine 
the appropriate input amount for DNase treatment. DNase treatment was performed using the 
RNase-free DNase protocol (Promega) according to manufacturer’s instructions. After DNase 
treatment, mRNA concentrations were quantified again using a spectrophotometer, and all 
samples were standardized to 25 - 50ng μl-1 using nuclease-free water before being stored at -
40°C to await RT-qPCR. 
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RT-qPCR: BDNF, DNMT1 and DNMT3a expression 
 Reverse transcription and qPCR were conducted using the iTaq Universal SYBR Green 
One-Step kit (Bio-Rad, Berkeley, CA). Each reaction contained 10μl iTaq SYBR Green reaction 
mix (2x), 0.25μl iScript reverse transcriptase, 1ul each of forward (10μM) and reverse (10μM) 
qPCR primers, 2ul RNA and nuclease-free water to a final volume of 20ul. Cycling conditions 
and melt curve analyses were programmed according to the manufacturer’s instructions specific 
for the StepOne Plus qPCR platform (Applied Biosystems). The qPCR primers for BDNF and 
DNMT1 were designed using the zebra finch (Taeniopygia guttata) mRNA sequences associated 
with the following Genbank accession numbers: BDNF: NM_001048255 and DNMT1: 
XM_012576473.1. The qPCR primers for DNMT3a were designed using the common starling 
(Sturnus vulgaris) mRNA sequence associated with the following Genbank accession number: 
XM_014888217.1. These reference mRNA sequences were then compared with other highly 
similar gene-specific avian mRNA sequences using the MEGA 6.0 alignment tool to identify 
highly conserved regions. House sparrow specific primers were then designed and chosen 
accordingly using Genbank’s Primer-BLAST tool. The following primer pairs were chosen: 
BDNF (Forward: 5’-CATAGACAAGAGGCACTGGAACT-3’/Reverse: 5’-
AGTGTCTATCCTTATGAAGCGCC-3’), DNMT1 (Forward: 5’-
CGACGGGAGGACCTACTTCT-3’/Reverse: 5’-GGATCTCCTTGTGCCTCACC-3’) and 
DNMT3a (Forward: 5’-TCTCCTGTGGGAGCCTCAAT-3’/Reverse: 5’-
GGTGCAGTAGGACTGGTAGC-3’). A six-point standard curve (483, 158, 77, 33, 16, 7) made 
from a homogenate of house sparrow hippocampal mRNA and nuclease-free water (non-
template control) was included on each plate and all samples were run in duplicate. 
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Data analysis 
 Expression data for BDNF, DNMT1 and DNMT3a were log10-transformed to achieve 
normality. All analyses were conducted using linear mixed models (LMMs) and models met all 
assumptions after transformations. When appropriate, original models included 2-way 
interactions between population and appropriate covariates and any non-significant interaction 
terms were excluded from final models. Unlike in previous studies in Kenya, where capture site 
was designated as a continuous covariate (e.g. distance from Mombasa—the range-core) (Liebl 
and Martin 2012), here we treated ‘population’ as an ordinal variable because only three capture 
sites were available for comparison (see also Martin et al. 2017). To assess whether BDNF 
expression differed among populations and/or covaried with DNMT1/DNMT3a expression or 
restraint CORT within individuals, our first model included BDNF expression as the dependent 
variable, population as a fixed effect, and DNMT1, DNMT3a and restraint CORT as covariates. 
Upon visualizing a putatively nonlinear relationship between CORT and BDNF expression, we 
used regression (i.e., curve estimation) to discern the best-fit function (linear versus quadratic). 
Next, we investigated what factors affected DNMT1 expression by running a model with 
population as a fixed effect, and DNMT3a expression and restraint CORT as covariates; we then 
conducted a similar analysis for DNMT3a expression. To account for possible variation in CORT 
regulatory mechanisms among individuals (e.g. GC receptors, binding globulins, etc.), we 
repeated the above analyses using ΔCORT (restraint CORT minus pre-restraint (baseline) 
CORT). We only report results from models including restraint CORT because i) ΔCORT 
resulted in similar results, ii) restraint CORT and ΔCORT were significantly correlated (Pearson 
Correlation; r = 0.581, P = 0.009), and iii) stressor-induced CORT is most commonly reported in 
studies of BDNF expression and cognitive performance. All analyses were performed using 
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SPSS v24, our α was set to 0.05, and figures were made using either GraphPad Prism v. 6.0 or R 
(visreg package).  
 
Results 
Hippocampal BDNF, DNMT1 and DNMT3a expression among populations 
 When controlling for important covariates, we found no significant differences among 
populations in hippocampal BDNF expression (F2,14 = 2.817, P = 0.094; Figure 3.1A).  However, 
populations differed in hippocampal DNMT1 expression (F2,13 = 3.839, P = 0.049; Figure 3.1B), 
but pair-wise Bonferroni comparisons could not reveal which sites differed. Populations did not 
differ in hippocampal DNMT3a expression (F2,14 = 0.205, P = 0.817). 
Covariation in hippocampal BDNF and DNMT1 expression and CORT 
 We found that hippocampal BDNF expression was correlated to restraint CORT within 
individuals (LMM: F1,14 = 6.885, P = 0.02; Figure 3.2). This relationship was best described 
using a quadratic (R² = 0.525; P = 0.002) rather than a linear (R² = 0.108; P = 0.158) function: 
individuals with intermediate restraint CORT had the highest hippocampal BDNF expression 
while individuals with high or low CORT had the lowest BDNF expression (Figure 3.2). We also 
found that individuals with high hippocampal DNMT1 expression also had high BDNF 
expression (F1,14 = 18.807, P = 0.001; Figure 3.3), however, hippocampal DNMT3a expression 
did not covary with BDNF expression (F1, 14 = 0.78, P = 0.392). Populations differed in how 
restraint CORT was related to hippocampal DNMT1 expression (population x restraint CORT: 
F2,13 = 3.979, P = 0.045; Figure 3.4). In Dakar (i.e. the range core), birds with the highest 
restraint CORT had the lowest levels of DNMT1 expression. In the other sites, CORT and 
DNMT1 expression were positively related (Saint Louis) or unrelated (Richard Toll). Individuals 
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with high hippocampal DNMT1 expression also had high hippocampal DNMT3a expression 
(F1,13 = 37.15, P < 0.001), however DNMT1 expression was not related to restraint CORT (F1,13 = 
1.796, P = 0.203). Neither restraint CORT (F1,14 = 0.011, P = 0.919) nor its interaction with 
population (population x restraint CORT: F2,14 = 0.118, P = 0.890) were predictive of 
hippocampal DNMT3a expression within individuals. 
 
Discussion 
 In our investigation of an ongoing range expansion in Senegalese house sparrows, we 
failed to detect differences in hippocampal BDNF expression among populations, but we did find 
evidence for covariation between BDNF expression, stressor-induced CORT and DNMT1 
expression within individuals. First, we revealed a nonlinear, relationship between CORT and 
hippocampal BDNF expression: individuals with intermediate levels of CORT in response to a 
restraint stressor had higher hippocampal BDNF expression than individuals with low or high 
CORT. Second, we detected positive covariation between hippocampal DNMT1 and BDNF 
expression within individuals, although this finding is opposite of what we had predicted. Third, 
we found that hippocampal DNMT1 expression differed among populations, although not in the 
way we expected (i.e. expression was not necessarily higher at the range-edge relative to the 
range-core). Fourth, DNMT1 expression was inversely related to CORT in range-core birds, but 
was positively correlated to CORT in birds from one, but not both, of the range-edge 
populations. Below, we focus our discussion primarily on these CORT-associated relationships 
and the potential implications for range expansion success in house sparrows. 
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Individual covariation between BDNF and stressor-induced CORT 
 In previous studies on recently introduced house sparrows (i.e., Kenya and Senegal), 
range-edge individuals released more CORT in response to a restraint stressor than individuals 
residing near the range-core (Liebl and Martin 2012; Martin and Liebl 2014; Martin et al. 2017). 
We predicted that such patterns might facilitate hippocampal BDNF expression at range-edges, 
and thus greater capacity for hippocampal-dependent learning/memory, however, we found no 
differences in BDNF expression among Senegalese house sparrow populations in this study 
(Figure 1A). Within individuals, however, we revealed that stressor-induced CORT was related 
in a nonlinear fashion to BDNF expression: intermediate levels of CORT appeared to have a 
stimulatory effect on BDNF expression whereas levels of CORT at either extreme appeared 
inhibitory (Figure 2). Similar nonlinear, biphasic relationships have been extensively reported in 
the literature (e.g. “neurohormesis”—(Mattson 2008)), and intermediate magnitudes of stressors 
or CORT elevations are often associated with increases in cognitive performance, neurogenesis 
and hippocampal BDNF expression (Rothman and Mattson 2010; Finsterwald and Alberini 
2014; LaDage 2015). Given the importance of hippocampal BDNF as a mediator of neurogenesis 
and long-term potentiation (LTP), a proxy for synaptic plasticity associated with memory 
formation, high BDNF expression in response to moderate stress may represent a way to enhance 
the capacity for learning/memory (Mattson 2008; Rothman and Mattson 2010). In other words, 
such biphasic relationships might indicate the importance of maintaining balance between 
homeostatic and progressive (e.g. neurogenesis) processes (Constantini et al. 2010; Calabrese 
and Mattson 2011). While we were unable to determine whether the association between 
stressor-induced CORT and BDNF expression was functional at the neuroanatomical and/or 
behavioral levels, the pervasive evidence for biphasic relationships between stressor magnitude 
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and cognitive function in other vertebrates suggests that the relationship we detected may be 
functionally relevant in terms of coping with changing environmental demands, and thus 
warrants further investigation (Constantini et al. 2010; Calabrese and Mattson 2011). 
Individual covariation between BDNF and DNMT1 expression 
 We detected a positive relationship between hippocampal expression of DNMT1 and 
BDNF (Figure 3.3), although this finding is surprising for two reasons. First, given its primary 
role as a maintenance methyltransferase, it is unclear why DNMT1 remains highly expressed in 
post-mitotic neurons. One potential explanation is that DNMT1 facilitates neuronal stability by 
re-establishing methylation patterns at CpGs that have undergone demethylation after DNA 
mismatch repair (Feng et al. 2010). Second, given that DNA methylation typically suppresses 
gene expression, DNMT1 expression was expected to be negatively correlated to BDNF 
expression. A possible explanation here is that epigenetic regulation of hippocampal BDNF 
expression is highly complex and context-dependent due, in part, to certain structural attributes 
of the BDNF gene (e.g. multiple promoter regions, alternative splicing variants) (Pruunsild et al. 
2007; Yu et al. 2009). For example, in rats, exposure to a novel environment was associated with 
hypomethylation of BDNF exon I and high BDNF expression in the dentate gyrus (DG), whereas 
hypermethylation of BDNF exon I and IV and high BDNF expression was reported in the Cornu 
Ammonis 3 (CA3) (Roth et al. 2015). Given the limitations of our study design (e.g. our use of 
mRNA from whole hippocampi, lack of BDNF-specific methylation data, etc.), we are reluctant 
to make claims about the functionality of the DNMT1/BDNF correlation. Therefore, further 
experiments are needed to discern whether/how variation in environmental conditions, 
hippocampal sub-regions and/or DNMT1 expression interact to produce functionally relevant 
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changes in BDNF expression, although we expect such studies will be especially difficult in 
natural populations.    
Population-level differences in CORT-DNMT1 relationships 
 One of the main motivations for our study was to investigate whether populations 
differed in hippocampal DNMT expression. While we found that DNMT1 expression differed 
among populations, the directionality of this relationship was obscure, possibility because of 
limited sample sizes. Indeed, when accounting for individual variation in stressor-induced 
CORT, clearer differences in DNMT1 expression among populations were revealed. We found 
that stressor-induced CORT negatively covaried with hippocampal DNMT1 expression in 
individuals from the range-core, but positively covaried with DNMT1 expression in birds from 
one, but not both, of the range-edge populations (Figure 3.4). A possible explanation for these 
population-level differences CORT/DNMT1 covariation may pertain to their role in, and relative 
costs/benefits of adult hippocampal neurogenesis. 
 At range-edges, where environmental complexity and the demand for spatial 
learning/memory is high, high capacity for neurogenesis may confer several benefits (LaDage 
2015). Evidence suggests that exploratory behavior stimulates the proliferation and accumulation 
of neural precursor cells, from which neurogenesis originates (Kempermann 2008). One 
hypothesis suggests that such a “neurogenic reserve”, while inessential under basal conditions, 
could enable rapid recruitment of newborn neurons in response to novel stressors, thereby 
increasing the potential for hippocampal plasticity in novel environments (Kempermann 2008). 
Moreover, newborn neurons have a lower induction threshold for LTP (i.e. synaptic plasticity), 
which allows for more efficient integration/encoding of qualitatively novel environmental 
information without the loss of previously learned environmental associations encoded in mature 
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neuronal networks (i.e. avoiding catastrophic interference—(Wiskott et al. 2006)) (Kempermann 
2008). Finally, new hippocampal neurons can facilitate negative feedback of the hypothalamic-
pituitary-adrenal (HPA) axis (Snyder et al. 2011; Surget et al. 2011). In Kenyan and Senegalese 
house sparrows, this regulatory function might be a particularly important mechanism for 
mitigating potential negative effects of elevated CORT characteristic at range-edges (Liebl and 
Martin 2012; Martin et al. 2017). Given the costs associated with neurogenesis and presumably 
fewer novel stimuli in familiar environments (e.g. at the range-core), the preservation and 
stabilization of older neurons may promote optimal encoding of pre-existing memories/learned 
environmental associations (LaDage 2015).  
Interestingly, population differences in covariation between DNMT1 expression and 
stressor-induced CORT may reflect differences in the benefits/costs of neurogenesis. In adult 
hippocampal neural stem/progenitor cells (NS/PCs), high DNMT1 expression promotes survival 
of newborn neurons (Noguchi et al. 2015), whereas low DNMT1 expression favors precocious 
differentiation of NS/PCs into housekeeping/maintenance cells (i.e. astrocytes) (Fan et al. 2005). 
Moreover, while high and low levels of CORT are typically associated with inhibition and 
stimulation of neurogenesis, respectively (LaDage 2015), it is possible that the threshold at 
which CORT changes from stimulatory to inhibitory differs among populations. At range-edges, 
positive covariation between CORT and mediators of epigenetic potential may enhance 
resilience to stressors by facilitating neurogenesis: under high-stress conditions, the strength of 
the environmental signal (i.e. CORT levels) facilitates highly integrated/coordinated whole-
organism responses (Kilvitis et al. 2017). On the other hand, at the range-core where stressors are 
presumably less novel, negative covariation between CORT/mediators of epigenetic potential 
may maximize hippocampal plasticity under basal conditions but become compromised in highly 
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stressful environments (e.g. mismatch) (Kilvitis et al. 2017). In this case, high CORT levels, 
even if similar to those in range-edge birds, could fall outside the normal homeostatic range of 
core-birds, resulting in over-exuberant responses to stressors (Romero et al. 2009). CORT-
mediated reductions in epigenetic potential could facilitate recovery from stressors by down-
regulating non-essential processes (e.g. hippocampal plasticity) and up-regulating processes 
crucial for homeostasis. In sum, while we advocate for future studies to investigate directly the 
correlation between CORT, DNMT1 expression and neurogenesis, our data suggest that 
epigenetic potential could act as a capacitor of hippocampal plasticity, and that CORT-mediated 
release of such variation may be a mechanism facilitating whole-organism performance at range-
edges. 
Conclusions 
 In the context of range expansions, phenotypic plasticity at multiple biological levels is 
likely to be important for coping with novel environmental challenges (Kilvitis et al. 2017). 
Here, we explored whether and how multiple regulatory mediators of plasticity (i.e. molecular, 
physiological, and neurological) interact and might be associated with range expansion success. 
Among the most exciting findings from our study are the potential role of CORT as a mediator 
of both neural plasticity and epigenetic variation in the hippocampus of Senegalese house 
sparrows. We hope that future work will compare epigenetic potential directly among 
populations, individuals, or genotypes and strive to discern how it mediates variation in 
phenotypic plasticity and other traits associated with successful invaders. 
 
 
 
78 
 
Acknowledgments 
 We thank the Martin lab for discussions of the data, and the University of South Florida 
(International Project Grant) and NSF (IOS-0920475 and 1257773) to LBM, NSF GRFP 
(1144244), NSF Global Invasions Network RCN and NSF RCN in Ecoimmunology, American 
Ornithologists’ Union, Sigma Xi (G201503151172573), the Porter Family Foundation, the Tharp 
Endowed Scholarship and the USF Doctoral Dissertation Completion Fellowship to HJK, and 
the Franklin & Marshall Committee on Grants to DRA for funding. 
 
References 
Anderson TR. 2006. Biology of the ubiquitous house sparrow: from genes to populations. 
Oxford University Press. 
Angers B, Castonguay E, Massicotte R. 2010. Environmentally induced phenotypes and DNA 
methylation: how to deal with unpredictable conditions until the next generation and 
after. Molecular Ecology 19(7): 1283-1295.  
Atwell JW, Cardoso GC, Whittaker DJ, Price TD, Ketterson ED. 2014. Hormonal, behavioral, 
and life-history traits exhibit correlated shifts in relation to population establishment in a 
novel environment. The American Naturalist 184(6): E147–160. 
Calabrese EJ, Mattson MP. 2011. Hormesis provides a generalized quantitative estimate of 
biological plasticity. Journal of Cell Communication and Signaling 5(1): 25-38. 
Constantini D, Metcalfe NB, Monaghan P. 2010. Ecological processes in a hormetic framework. 
Ecology Letters 13: 1435-1447.  
Cunha C, Brambilla R, Thomas KL. 2010. A simple role for BDNF in learning and memory? 
Frontiers in Molecular Neuroscience 3: 1-14.  
79 
 
Davis CD, Jones FL, Derrick BE. 2004. Novel environments enhance the induction and 
maintenance of long-term potentiation in the dentate gyrus. Journal of Neuroscience 
24(29): 6497-6506.  
Duckworth RA, Badyaev AV. 2007. Coupling of dispersal and aggression facilitates the rapid 
range expansion of a passerine bird. Proceedings of the National Academy of Sciences 
USA 104(38): 15017-15022.  
Dukas R. 2013. Effects of learning on evolution: robustness, innovation and speciation. Animal 
Behaviour 85: 1023-1030.  
Fan G, Martinowich K, Chin MH, He F, Fouse SD, Hutnick L, Hattori D, Ge W, Shen Y, Wu H, 
ten Hoeve J, Shuai K, Sun YE. 2005. DNA methylation controls the timing of 
astrogliogenesis through regulation of JAK-STAT signaling. Development 132(15): 
3345-3356.  
Feng J, Fouse S, Fan G. 2007. Epigenetic regulation of neural gene expression and neuronal 
function. Pediatric Research 61(5): 58R-63R.  
Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt JD, Silva AJ, Fan G. 2010. Dnmt1 and 
Dnmt3a maintain DNA methylation and regulate synaptic function in adult forebrain 
neurons. Nature Neuroscience 13(4): 423-432.  
Finsterwald C, Alberini CM. 2014. Stress and glucocorticoid receptor-dependent mechanisms in 
long-term memory: From adaptive responses to psychopathologies. Neurobiology of 
Learning and Memory 112: 17-29.  
Forsman A. 2014. Effects of genotypic and phenotypic variation on establishment are important 
for conservation, invasion, and infection biology. Proceedings of the National Academy 
of Sciences USA 111(1): 302-307.  
80 
 
Ghalambor CK, McKay JK, Carroll SP, Reznick DN. 2007. Adaptive versus non‐adaptive 
phenotypic plasticity and the potential for contemporary adaptation in new environments. 
Functional Ecology 21(3): 394-407.  
Kazlauckas V, Pagnussat N, Mioranzza S, Kalinine E, Nunes F, Pettenuzzo L, Souza DO, 
Portela LV, Porciúncula LO, Lara DR. 2011. Enriched environment effects on behavior, 
memory and BDNF in low and high exploratory mice. Physiology and Behavior 102(5): 
475-480.  
Kempermann G. 2008. The neurogenic reserve hypothesis: what is adult hippocampal 
neurogenesis good for? Trends in Neuroscience 31(4): 163-169.  
Kilvitis HJ, Hanson HE, Schrey AW, Martin LB. 2017. Epigenetic potential as a mechanism of 
phenotypic plasticity in vertebrate range expansions. Integrative and Comparative 
Biology 57(2): 385-395. 
LaDage LD. 2015. Environmental change, the stress response, and neurogenesis. Integrative and 
Comparative Biology 55(3): 372-383.  
Ledon-Rettig CC, Richards CL, Martin LB. 2013. Epigenetics for behavioral ecologists. 
Behavioral Ecology 24(2): 311-324.  
Lever C. 1989. Naturalized Birds of the World. JSTOR 
Liebl AL, Martin LB. 2012. Exploratory behaviour and stressor hyper-responsiveness facilitate 
range expansion of an introduced songbird. Proceedings of the Royal Society London B 
Biological Sciences 279(1746): 4375-4381.  
Liebl AL, Martin LB. 2014. Living on the edge: range edge birds consume novel foods sooner 
than established ones. Behavioral Ecology 25(5): 1089–96.  
81 
 
Liebl AL, Schrey AW, Richards CL, Martin LB. 2013. Patterns of DNA methylation throughout 
a range expansion of an introduced songbird. Integrative and Comparative Biology 53(2): 
351-358.  
Martin LB, Kilvitis HJ, Thiam M, Ardia DR. 2017. Corticosterone regulation in house sparrows 
invading Senegal. General and Comparative Endocrinology 250: 15-20.  
Martin LB, Liebl AL, Kilvitis HJ. 2015. Covariation in stress and immune gene expression in a 
range expanding bird. General and Comparative Endocrinology 211: 14-19.  
Martin LB, Liebl AL. 2014. Physiological flexibility in an avian range expansion. General and 
Comparative Endocrinology 206: 227-234.  
Mattson MP. 2008. Hormesis defined. Ageing Research Reviews 7(1): 1-7.  
Morris MJ, Monteggia LM. 2014. Role of DNA methylation and the DNA methyltransferases in 
learning and memory. Dialogues in Clinical Neuroscience 16(3): 359-371. 
Noguchi H, Kimura A, Murao N, Matsuda T, Namihira M, Nakashima K. 2015. Expression of 
DNMT1 in neural stem/precursor cells is critical for survival of newly generated neurons 
in the adult hippocampus. Neuroscience Research 95: 1-11. 
Pérez JE, Nirchio M, Alfonsi C, Muñoz C. 2006. The biology of invasions: the genetic 
adaptation paradox. Biological Invasions 8: 1115-21.  
Pruunsild P, Kazantseva A, Aid T, Palm K, Timmusk T. 2007. Dissecting the human BDNF 
locus: bidirectional transcription, complex splicing, and multiple promoters. Genomics 
90(3): 397-406.  
Romero LM, Dickens MJ, Cyr NE. 2009. The reactive scope model—a new model integrating 
homeostasis, allostasis, and stress. Hormones and Behavior 55(3): 375-389.  
82 
 
Roth ED, Roth TL, Money KM, SenGupta S, Eason DE, Sweatt JD. 2015. DNA methylation 
regulates neurophysiological spatial representation in memory formation. 
Neuroepigenetics 2: 1-8.  
Rothman SM, Mattson MP. 2010. Adverse stress, hippocampal networks, and Alzheimer's 
disease. Neuromolecular Medicine 12(1): 56-70.  
Schaaf MJM, de Kloet ER, Vreugdenhil E. 2000. Corticosterone effects on BDNF expression in 
the hippocampus: implications for memory formation. Stress 3(3): 201-208.  
Schrey AW, Coon CA, Grispo MT, Awad M, Imboma T, McCoy ED, Mushinsky HR, Richards 
CL, Martin LB. 2012. Epigenetic variation may compensate for decreased genetic 
variation with introductions: a case study using house sparrows (Passer domesticus) on 
two continents. Genetics Research International 2012: 979751.  
Snyder JS, Soumier A, Brewer M, Pickel J, Cameron HA. 2011. Adult hippocampal 
neurogenesis buffers stress responses and depressive behaviour. Nature 476(7361): 458-
461.  
Summers-Smith D, 2010. In Search of Sparrows. A&C Black. 
Surget A, Tanti A, Leonardo ED, Laugeray A, Rainer Q, Touma C, Palme R, Griebel G, 
Ibarguen-Vargas Y, Hen R, Belzung C. 2011. Antidepressants recruit new neurons to 
improve stress response regulation. Molecular Psychiatry 16(12): 1177-1188.  
Suri D, Vaidya VA. 2013. Glucocorticoid regulation of brain-derived neurotrophic factor: 
relevance to hippocampal structural and functional plasticity. Neuroscience 239: 196-
213.  
Sweatt JD. 2009. Experience-dependent epigenetic modifications in the central nervous system. 
Biological Psychiatry 65(3): 191-197.  
83 
 
Wiskott L, Rasch MJ, Kempermann G. 2006. A functional hypothesis for adult hippocampal 
neurogenesis: avoidance of catastrophic interference in the dentate gyrus. Hippocampus 
16(3): 329-343.  
Yu Y, Zhang H, Byerly MS, Bacon LD, Porter TE, Liu GE, Song J. 2009. Alternative splicing 
variants and DNA methylation status of BDNF in inbred chicken lines. Brain Research 
1269: 1-10.  
  
84 
 
Figures 
 
 
Figure 3.1. Population age (core vs. non-core) predicts hippocampal DNMT1 expression but 
not hippocampal BDNF expression in Senegalese house sparrows. (A) Hippocampal BDNF 
expression did not differ among populations, however, (B) hippocampal DNMT1 expression was 
significantly different among populations. Dakar = core; Saint Louis and Richard Toll = non-
core. Bars are means +/- 1SE. 
  
85 
 
 
Figure 3.2. Hippocampal BDNF expression varies non-linearly with stressor-induced 
CORT in Senegalese house sparrows, regardless of capture site. 
 
 
 
Figure 3.3. Hippocampal DNMT1 expression positively covaries with hippocampal BDNF 
expression in Senegalese house sparrows. 
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Figure 3.4. Relationships between stressor-induced CORT and hippocampal DNMT1 
expression vary among Senegalese house sparrow populations. At the range-core (Dakar), 
stressor-induced CORT negatively covaried with hippocampal DNMT1 expression. Among non-
core populations, stressor-induced CORT positively covaried with hippocampal DNMT1 
expression in one population (Saint Louis), whereas stressor-induced CORT was not related to 
DNMT1 expression in the other population (Richard Toll) (P = 0.045). 
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APPENDIX A: 
SUPPLEMENTARY TABLE: CHAPTER I 
 
Table A1. Web of Science literature search terms and evidence for epigenetic regulation 
within the HPA-axis 
HPA Component Name/ Web of Science 
Search Terms: epigenetic* AND 
Epigenetic 
Studies 
Research 
Effort 
Epigenetic 
Regulation (%) 
“Corticotropin-releasing hormone receptor 2” 
OR CRHR2 
1 136 0.74 
“Corticotropin-releasing hormone receptor 1” 
OR CRHR1 
3 410 0.73 
“Adrenocorticotropic hormone receptor” OR 
“melanocortin receptor 2” OR MCR2R OR 
ACTHR 
2 301 0.66 
“Steroidogenic acute regulatory protein” 8 1251 0.64 
“Glucocorticoid receptor” OR GR OR NR3C1 123 36465 0.34 
“Cholesterol side chain cleavage enzyme” OR 
CYP11A1 OR P450scc  
5 1949 0.26 
“Arginine vasopressin” OR “antidiuretic 
hormone” OR argipressin” OR AVP OR ADH 
AND cort* 
5 2857 0.18 
“Mineralocorticoid receptor” OR MR OR 
NR3C2  
5 3673 0.14 
“Corticotropin-releasing hormone” OR 
“corticotropin-releasing factor” OR 
“corticoliberin” OR CRH OR CRF 
19 25128 0.08 
“Adrenocorticotropic hormone” OR 
“corticotropin” OR “acortan” OR ACTH OR 
POMC 
30 41924 0.07 
“Proopiomelanocortin” OR POMC AND cort* 1 1706 0.06 
“3 beta-hydroxysteroid dehydrogenase” OR 
HSD3B2 
0 2594 0 
“21-hydroxylase” OR CYP21A2 OR P450c21 0 3041 0 
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Table A1 (Continued) 
HPA Component Name/ Web of Science 
Search Terms: epigenetic* AND 
Epigenetic 
Studies 
Research 
Effort 
Epigenetic 
Regulation (%) 
“11 beta-hydroxylase” OR “11β-hydroxylase” 
OR CYP11B1 OR P450c11B1 
0 1241 0 
"Corticosteroid-binding globulin" OR 
"transcortin" OR CBG OR serpinA6 
0 2015 0 
"arginine vasopressin receptor 1B" OR 
"vasopressin V1b receptor" OR "vasopressin 3 
receptor" OR "antidiuretic hormone receptor 
1b" OR AVPR1B 
0 97 0 
A Web of Science search was conducted in December of 2016 in order to reveal the components 
of the HPA-axis in which epigenetic marks have influenced functionality and where within the 
pathway epigenetic regulation is most likely to occur. Total Epigenetic Studies—each 
component of the HPA-axis was queried using search terms “epigenetic” and “component name” 
or “component abbreviation” or “associated gene”. Total Research Effort—to account general 
research effort among HPA components, we also removed the search term “epigenetic” to 
calculate the number of studies investigating each component. Epigenetic Regulation (%)—
calculated by taking the ratio of Total Epigenetic Studies to Total Research Effort (x 100).  
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APPENDIX B: 
SUPPLEMENTARY FIGURES: CHAPTER II 
 
 
Figure B1. The effects of genetic variation within the putative TLR4 promoter (i.e. genotype 
at SNPs 1&2) on DNA methylation at CpG1 and TLR4 expression. (A) DNA methylation at 
CpG1 did not significantly vary among genotypes at SNPs 1&2. (B) TLR4 expression did not 
significantly differ among genotypes at SNPs 1&2. Bars are means +/- 1SE. 
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Figure B2. Distribution of genotypes at SNPs 1&2 according to distance from Mombasa 
(dfM) indicates evidence of genetic admixture among populations. Populations are indicated 
by the following abbreviations and distances relative to Mombasa: MO (Mombasa—0km), VOI 
(Voi—160km), NA (Nairobi—500km), NK (Nakuru—650km), and KA (Kakamega—885km). 
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APPENDIX C: 
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE (IACUC) APPROVAL 
LETTER 
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